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FOREWORD 


This  report  summarizes  the  work  performed  under  a  program  sponsored  by 
NOSC  (Contract  No.  N00014-85-C-0174) ,  which  FIBERTEK,  Inc.  carried  out  as  a 
subcontractor  to  Science  Applications  Ir^ternational  Corporation.  The  study 
provides  an  assessment  of  the  technical  and  economic  issues  surrounding  the 
practical  application  of  laser  diode  arrays  for  pumping  solid  state  lasers. 

The  general  objective  of  the  study  was  an  evaluation  of  the  state-of-the- 
art  of  diode  array  fabrication;  identification  of  potential  solid  state  laser 
candidates  suitable  for  diode  pumping;  evaluation  of  different  pump  configura¬ 
tions;  investigation  of  different  cooling  techniques  and  resonator  designs; 
and  a  conceptual  design  of  a  cost-effective  laser  system. 

The  study  motivation  stems  from  the  need  to  classify  some  of  these  issues 
in  view  of  the  rather  dramatic  developments  which  have  taken  place  in  the  area 
of  diode  pumped  laser  systems.  Most  notable  are  the  Impressive  improvements 
made  in  laser  diode  array  performance  and  fabrication  technology,  the  emer¬ 
gence  of  several  military  and  commercial  lasers  pumped  by  laser  diode  arrays, 
and  the  cost  projections  made  by  several  leading  manufacturers  which  seem  to 
Indicate  that  widespread  applications  of  laser  diode  arrays  as  part  of  all 
solid  state  lasers  could  become  a  reality. 


1.  INTRODUCTION  AND  SUMMARY 


The  most  promising  alternative  to  flash! amp  pumping  of  solid  state  lasers 
has  always  been  the  diode  laser.  Throughout  the  last  twenty  years  numerous 
laboratory  devices  have  been  assembled  which  Incorporated  single  diode  lasers, 
small  laser  diode  arrays  or  LED's  for  pumping  of  Nd:YAG,  Nd:glass  and  a  host 
of  other  Nd  lasers.  The  low  power  output,  low  packaging  density,  and 
extremely  high  cost  of  diode  lasers  prevented  any  serious  applications  for 
laser  pumping  in  the  past. 

The  reason  for  the  continued  interest  in  this  area  stems  from  the 
potential  dramatic  increase  in  system  efficiency  and  component  lifetime,  and 
reduction  of  thermal  load  of  the  solid-state  laser  material.  The  latter  not 
only  will  reduce  thermo-optic  effects  and  therefore  lead  to  better  beam 
quality  but  also  will  enable  an  increase  in  pulse  repetition  frequency.  The 
attractive  operating  parameters  combined  with  low  voltage  operation  and  the 
compactness  of  an  all  solid-state  laser  system  have  a  potential  high  payoff. 

The  high  pumping  efficiency  compared  to  flashlamps  stems  from  the  good 
spectral  match  between  the  laser  diode  emission  and  the  Nd  absorption  bands. 
Actually,  flashlamps  have  a  h  gher  radiation  output  to  electrical  input 
efficiency  (70  percent)  than  laser  diodes  (25-50  percent);  however,  only  a 
very  small  fraction  of  the  blackbody  spectrum  is  usefully  absorbed  by  the 
various  Nd  bands. 

A  concomitant  advantage  derived  from  the  spectral  match  between  the  diode 
laser  emission  and  the  long  wavelength  Nd  absorption  band,  is  a  reduction  in 
the  amount  of  heat  which  is  deposited  in  the  laser  material. 

An  overwhelming  advantage  of  laser  diode  pumping  compared  to  arc  lamps  is 
system  lifetime  and  reliability.  Laser  diode  arrays  have  exhibited  lifetimes 
on  the  order  of  10,000  hours  in  cw  operation  and  10^  shots  in  the  pulsed  mode. 
Flashlamp  life  is  on  the  order  of  10^  shots,  and  about  200  hours  for  cw 
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operation.  In  addition,  the  high  pump  flux  combined  with  a  substantial  U 
content  in  lamp  pumped  systems  causes  material  degradation  in  the  pump  ca 
and  in  the  coolant,  which  leads  to  systems  degradation  and  contributes  to 
maintenance  requirements.  Such  problems  are  virtually  eliminated  with  la 
diode  pump  sources. 

The  absence  of  high  voltage  pulses,  high  temperatures  and  UV  radlati 
encountered  with  arc  lamps  leads  to  much  more  benign  operating  features  o 
laser  diode  pumped  systems.  Laser  diode  technology  dates  back  to  1962  wh 
laser  action  in  GaAs  diodes  was  first  demonstrated.  However,  it  took  a  d 
to  transform  a  fragile  device  requiring  cryogenic  coolant  into  one  capabl 
emitting  a  continuous  beam  at  room  temperature.  The  pace  of  development 
accelerated  greatly  over  the  past  decade  making  diode  lasers  one  of  the 
fastest-moving  laser  technologies.  In  particular  device  improvements  sue 
double  heterostructures,  multiple  quantum  well  structures,  gradient  index 
single  quantum  well  structures,  monolithic  phased  arrays,  multiple  stripe 
lasers  which  were  made  possible  by  Improved  manufacturing  technologies  su 
LPE  and  particular  MOCVO  have  lead  to  a  dramatic  reduction  of  threshold 
current  and  increases  of  slope  efficiency,  lifetime  and  output  power. 

At  present,  the  most  important  application  for  single  diode  lasers  1 
optical  disk  recording.  Fueled  by  strong  consumer  acceptance  of  compact 
players,  sales  of  780  nanometer  AlGaAs  diode  lasers  grew  to  several  mi  Hi 
per  year  and  prices  dropped  below  SIO.OO  for  a  single  device.  Developed 
manufactured  almost  exclusively  by  Japanese  compsnies,  these  diodes  are 
causing  a  "low  cost  spillover"  into  such  areas  as  printers,  copiers,  CD-R 
and  other  similar  applications  In  the  reprographics  area. 

The  longer  wavelength  diode  lasers,  based  on  the  InGaAsP  Compound,  ^ 
are  used  in  fiberoptic  telecomnunications,  have  less  than  1  percent  of  th 
total  market  for  diode  lasers. 

The  application  of  laser  diodes  may  soon  also  include  bar  code  reade 
optical  alignment  instruments,  etc.,  1f  researchers  at  NEC,  Sony  and  Tosc 
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succeed  in  developing  a  red-emitting  diode  laser  which  will  directly  compete 
with  He-Ne  lasers. 

Single  diode  lasers  utilized  in  these  coimercial  applications  are  not 
practical  for  solid  state  laser  pumping  due  to  the  low  power  outputs.  How¬ 
ever,  in  parallel  with  the  mass  production  of  single  laser  diodes  in  Japan, 
went  a  development  in  the  U.S.  which  is  aimed  at  the  fabrication  of  powerful 
monolithic  arrays.  The  development  of  these  multi  stripe  lasers  was  originally 
pioneered  by  Xerox  and  Spectra  Diode  Laboratories,  and  now  RCA,  McDonnell 
Douglas,  TRW  and  GE  in  addition  to  several  foreign  companies,  notably  Siemens, 
are  working  on  diode  arrays.  The  development  of  diode  arrays  follows  two 
different  pathways.  By  fabricating  multiple  stripes  on  a  single  GaAs 
substrate  with  small  enough  stripe-to-stripe  spacing,  one  can  produce  an  array 
which  "inherently"  phase  locks. 

The  output  from  a  phase-locked  array  can  be  focused  on  an  almost  diffrac¬ 
tion  limited  spot.  Industry  motivation  to  develop  phased  arrays  stems  from 
the  potential  applications  in  read/write  optical  memories  and  laser  printers. 
Since  coherent  arrays  produce  more  power  than  single  diode,  they  can  increase 
throughput  or  bit  rate  of  these  systems.  Considerable  interest  for  phased 
arrays  has  also  centered  on  laser  transmitters  for  ground  based,  point-to- 
point  comnunication  links,  and  for  certain  classified  military  programs. 

A  technological  spill-over  of  phase  locked  arrays  is  the  development  of 
incoherent  arrays.  Higher  power  levels  and  more  stripes  on  a  single  chip  can 
be  obtained  if  the  concept  of  phase-locking  is  abandoned. 

Significant  progress  has  been  made  recently  in  developing  the  monolithic, 
linear  laser  diode  array.  Output  power,  slope  efficiency,  laser  threshold  and 
wavelength  control  have  all  been  dramatically  improved  due  to  a  combination  of 
new  structures  and  MOCVD  growth  techniques. 

These  incoherent  arrays  could  become  the  building  blocks  for  solid  state 
laser  pumps.  In  contrast  to  applications  for  data  storage  or  printing,  laser 


1-3 


pumping  does  not  require  small  focusable  spot  size,  spectral  purity,  and  1 
noise.  Incoherent  arrays  are  lacking  in  these  respects  and  their  main 
application  is  for  laser  pumping.  State-of-the-art  performance  of  linear 
arrays  Is  up  to  40  W  per  cm.  Cownerclally,  devices  with  5  W  to  10  W  per  c 
are  available.  Performance  of  planar  arrays,  produced  by  stacking  linear 
arrays,  has  reached  the  Impressive  level  of  1  kW/cm*-.  Efficiencies  for  ti 
devices  range  from  25  to  50  percent.  These  performance  levels  are  not  ju' 
achieved  In  a  few  singular  laboratory  devices.  Several  manufacturers  are 
capable  of  producing  linear  and  planar  arrays  in  large  quantities  to  these 
specifications.  However,  these  devices  are  very  expensive  at  present,  anc 
cost  is  the  major  obstacle  which  prevents  the  construction  of  practical 
solid-state  lasers  based  on  diode  pumping. 

The  prototype  linear  and  planar  arrays  built  to  date,  and  the  laser 
performance  which  has  been  achieved,  have  clearly  demonstrated  that  diode 
pumping  Is  no  longer  a  question  of  technical  feasibi  ity,  but  rather  a 
question  of  economic  viability. 

Despite  the  prospect  for  more  compact  and  efficient  solid  state  laset 
afforded  by  diode  laser  pumping,  and  several  potential  applications  inclu< 
free  space  optical  communications,  medical  lasers,  remote  sensing  and  0.5: 
Illuminators,  no  market  driver  has  been  clearly  identified  yet,  which  wou’ 
lead  to  a  major  cost  reduction  of  diode  laser  arrays. 

Industrial  applications  could  eventually  become  extensive  enough  to 
sustain  a  large  production  rate,  but  in  order  to  open  the  comnercial  mark( 
the  cost  has  to  come  down  one  to  two  orders  of  magnitude.  This  is  turn 
requires  a  large  front  end  Investment. 

At  the  present  time  the  development  of  laser  diode  pumped  solid  stati 
lasers  is  mainly  pursued  in  two  areas.  The  major  effort  for  the  design  a: 
fabrication  of  2-D  diode  arrays  is  directed  towards  the  development  of  a  ■ 
source  for  blue-green  lasers  for  submarine  conmuni cations.  A  solid  state 
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laser  pumped  by  laser  diode  arrays  has  many  attractive  features  for  a  satel¬ 
lite  based  system. 

High  pulse  energies  are  required  for  this  application,  and  the  configura¬ 
tion  best  suited  is  the  side  pumped  slab  laser,  McDonnell  Douglas  has 
demonstrated  the  technical  feasibility  of  such  a  device.  Their  Nd:YaG  slab 
laser  pumped  by  3.86  cm  of  planar  arrays  produces  100  mJ  in  a  Q-switched 
pulse. 

On  the  other  side  of  the  power  spectrum  are  very  small,  end  pumped  Nd:YAG 
lasers  produced  by  several  commercial  firms.  Careful  matching  of  the  pumps 
profile  and  the  resonator  mode  results  in  very  efficient  designs,  up  to 
8  percent  overall  efficiency  has  been  achieved.  These  devices  which  produce  a 
fraction  of  a  watt  of  output  power  have  also  been  Q-switched  and  frequency 
doubled.  Overall  efficiencies  of  up  to  10  percent  are  considered  to  be 
feasible  in  diode-pumped  Nd:YAG  lasers. 

In  view  of  the  rapidly  growing  interest  in  diode  laser  pumping  of  solid 
state  lasers,  the  work  performed  under  this  contract  reviews  the  major  issues 
related  to  this  exciting  and  potentially  far  reaching  technology. 

Chapter  2  of  this  report  describes  the  state-of-the-art  of  linear  and  two 
dimensional  laser  diode  arrays  designed  for  pumping  solid  state  lasers.  The 
newest  device  fabrication  technologies,  current  and  projected  performance  of 
linear  and  planar  arrays  will  be  discussed. 

Feasibility  of  producing  arrays  and  employing  them  as  pump  sources  for 
Nd;YAG  lasers  has  now  been  demonstrated.  There  are  no  technological  barriers 
preventing  the  use  of  laser  diode  arrays  for  pumping  of  solid  state  lasers. 
There  is,  however,  currently  an  economic  barrier.  Due  to  the  low  production 
volume  manufacturing,  costs  are  very  high  and  must  be  reduced  sharply  before 
widespread  applications  will  emerge. 
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There  are  several  U.S.  and  foreign  firms  which  have  the  capability  t 
implement  a  high  volume  array  fabrication  production  facility  provided  a 
market  can  be  developed  to  warrant  the  investment  associated  with  such  a 
facility  (Spectra  Diode  Lab,  McDonnell  Douglas,  TRW,  G.E.,  Siemens,  RCA). 

In  Chapter  3  the  properties  and  performance  of  solid  state  lasers  wh 
have  been  pumped  with  diode  laser  arrays  are  sumnarized,  and  several  new 
potential  candidate  materials  are  discussed. 

Due  to  its  high  gain  and  reasonable  absorption  coefficient,  NdrYAG  i 
most  widely  used  material  for  diode  pumping.  Desirable  properties  of  new 
solid  state  lasers  include  a  longer  fluorescence  lifetime,  a  broader  abso 
tion  band  and  a  higher  absorption  coefficient  as  compared  to  NdrYAG.  In 
addition  new  laser  materials  could  open  up  new  wavelength  regimes. 

A  long  fluorescence  lifetime  of  the  lasing  material  reduces  the  peak 
power  requirements,  and  therefore  the  number  of  diodes  needed  to  produce 
given  outpu'.  energy.  This  is  because  laser  diodes  are  low-energy  devices 
i.e.  they  are  peak  power  limited.  A  broader  absorption  band  as  compared 
NdrYAG,  allows  operation  of  the  diode  array  over  a  wider  temperature  regi 

Particularly  for  military  systems,  a  less  stringent  temperature  cont 
ler  for  the  array,  as  is  needed  for  NdrYAG  lasers,  would  be  highly  desire 
A  higher  absorption  coefficient  than  that  obtained  for  the  808  nm  line  ir 
NdrYAG  would  lead  to  a  higher  pump  efficiency  in  small,  side-pumped  laser 

Potential  solid  state  laser  candidates  include  NdrYLF,  HorYLF,  NdrLc 
NdrLNA.  Properties  of  these  materials  will  be  discussed. 

In  Chapter  4  important  crystal  geometries  and  diode  array  pump  confi 
ations  are  discussed.  The  geometry  of  the  laser  must  be  chosen  to  achiev 
pump  intensities  required  for  efficient  operation  as  well  as  efficient  e> 
tion  over  the  entire  pump  volume. 
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At  low  powers,  ihe  focused  end  pump  configuration  meets  these  criteria. 

At  high  energy  per  pulse  applications,  planar  arrays  and- slab  configuration 
appear  to  be  optimum  because  high  packaging  densities  can  be  achieved.  If  a 
high  repetition  rate  Is  also  required,  the  heat  dissipation  from  the  arrays 
rather  than  pump  flux  will  become  the  limiting  factor. 

With  the  Introduction  of  high-power  laser  diode  bars  having  emission 
.lengths  of  over  1  cm,  new  pump  geometries  must  be  conceived  which  provide  the 
required  pump  Intensities  and  for  extracting  energy  over  the  entire  pump 
vol ume . 

One  possible  configuration  has  been  thoroughly  analyzed  by  FIBERTEK,  Inc. 
It  Is  a  cylindrical  laser  rod  surrounded  by  linear  arrays.  The  arrays  are 
mounted  on  long  heat  sink  structures  and  contain  cylindrical  optics.  The 
optics  allows  the  arrays  to  stand  off  from  the  laser  crystal,  which  Is 
Important  for  cooling  of  the  laser  crystal  and  the  arrays.  In  addition,  with 
a  properly  designed  optical  system,  distribution  of  pump  radiation  can  be 
adjusted  to  match  the  cavity  mode  volume.  A  detailed  ray  trace  program  was 
developed  for  this  geometry  which  permits  optimization  of  the  system.  The 
laser  arrays  can  be  either  arranged  symetrically  around  the  laser  crystal,  or 
distributed  In  a  half  cylinder.  In  this  case,  the  laser  crystal  Is  mounted  In 
a  heat  sink  containing  a  back  reflector. 

In  FIBERTEK,  Inc.'s  opinion,  this  geometry  is  very  promising  In  bridging 
the  gap  between  high  power  applications  met  with  slab  designs,  and  low  power 
lasers  based  on  end  pumping. 

In  Chapter  5  advanced  heat  exchanger  designs  are  evaluated  for  cooling 
of  high  density  planar  arrays.  Currently  developed  arrays  are  capable  of 
1  kW/cm^  peak  power.  However,  heat  extraction  Is  on  the  order  of  10  W/cm'-. 
Advanced  designs  discussed  In  this  report  can  Increase  the  heat  extraction 
capability  to  about  100  W/cm^. 
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Unstable  and  stable  resonator  designs  suitable  for  diode  pumped  laser 
will  be  discussed  in  Chapter  6.  The  laser  medium  of  a  diode  pumped  systen 
thermally  less  strained  as  compared  to  an  arc  lamp  system.  Thermal  lensir 
and  birefringence  are  less  severe,  therefore  one  can  expect  that  a  larger 
fraction  of  the  nulti-mode  output  can  be  obtained  in  TEMqq  mode.  Resonate 
of  particular  interest  are  the  stable,  telescopic  resonator,  the  confocal 
negative  branch  resonator  with  aperture  stop,  and  the  confocal  positive  bt 
resonator  with  apodized  aperture. 

In  Chapter  7  a  detailed  design  of  a  cw  pumped  laser  is  provided  whict 
produces  3  W  of  output  power  at  0.532  At"'*  Such  a  laser  may  find  applicaf 
for  underwater  illuminators.  The  pump  configuration  selected  is  a  si  depur 
NdrYAG  rod  pumped  by  a  semi  cylindrical  arrangement  of  linear  laser 
arrays.  A  trade-off  among  cw  intracavity  doubling,  mode-locking,  or 
Q-switching  led  to  the  selection  of  a  cw  pumped,  repetitively  Q-switched, 
intracavity  doubled  laser. 

Chapter  8  contains  the  conclusion  of  this  work,  and  the  Appendices 
include  a  complete  listing  of  the  computer  program  written  for  a  sidepump^ 
rod  system  and  a  floppy  disk  containing  the  menu  driver  design  program, 
addition  several  memos  generated  during  the  course  of  this  program  are 
i nc1 uded. 
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2.  DIODE  ARRAY  FABRICATION  (Task  1) 


In  this  section  we  will  discuss  diode  fabrication  technology,  performance 
and  cost  as  related  to  devices  useful  for  solid  state  laser  pumping. 

2.1  DEVICE  FABRICATION  TECHNOLOGY 

.  New  device  structures  and  fabrication  methods  have  resulted  in  improve¬ 
ments  of  efficiency,  power  output,  packaging  density  and  reliability  of  diode 
lasers.  These  improvements  which  have  a  direct  impact  on  the  performance  of 
laser  diodes  as  pump  sources  for  solid  state  lasers  will  bf  discussed  below. 

Other  developments  such  as  improvements  in  spatial  li  dr.  cbC  beam  pattern 
stability,  spectral  purity,  single  logitudinal  mode,  and  optr^t.ior  at  very 
high  modulation  frequencies  (several  GHz)  are  primarily  important  for  Imaging 
and  communications  applications  and  will  not  be  further  considered  here. 

2.1.1  Single  Diodes 

The  structure  of  the  first  diode  lasers  was  a  homojunction  (see  Figure 
2-la).  These  diodes  typically  had  threshold  current  densities  of  40000  A/cm^ 
and  quantum  efficiencies  of  20  percent.  Homojunction  diode  lasers  are  made 
entirely  of  a  single  semiconductor  compound,  typically  gallium  arsenide,  with 
different  portions  of  the  device  having  different  dopings.  The  Junction  layer 
is  the  interface  between  n-  and  p-doped  regions  of  the  same  material. 

The  development  of  GaAlAs-GaAs  single  heterojunction  laser  diodes  was  a 
very  significant  improvement.  Threshold  current  density  decreased  to  8000 
A/cm^  and  quantum  efficiency  Increased  to  40  percent.  In  a  single  hetero¬ 
junction  diode,  the  active  layer  is  sandwiched  between  two  layers  of  different 
chemical  compositions,  typically  GaAs  and  GaAlAs.  which  have  different  band 
gaps  (see  Figure  2- lb). 

In  the  single  heterojunction  laser,  the  narrow  layer  serves  as  both  the 
recombination  region  and  the  optical  cavity.  Good  optical  confinement  is 
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Figure  2.1  Different  diode  laser  structures: 

*  (Ref.  J.Hecht,  Laser  &  Applications,  Jan.  1984 

a)  Homojunction 

b)  Single  heterojunction 

c)  Double  heterojunction 

More  details  of  the  important  double  heterojunc 
is  shown  in  d) . 

Ref.  D.  Botez,  IEEE  Spectrum  June  1985,  P.  43 
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achieved  by  maintaining  a  relatively  large  difference  between  the  indices  of 
refraction  of  the  p  and  p+  regions.  Thus,  the  recombination  region  and  the 
region  of  mode-guiding  overlap  to  a  large  extent. 

2 

A  further  reduction  in  threshold  current  density  (1000-3000  A/cm  )  was 
achieved  with  a  double-heteroj unction  structure.  The  double-heteroj unction 
lasers  have  an  active  layer  bound  by  two  layers  of  different  material. 

Usually  the  double-heteroj unction  laser  is  formed  by  a  nwl tipi  e-layer 
epitaxial  process  and  consists  of  a  6aAlAs-6aAs-GaAlAs  structure,  with  a  thin 
(about  0.5 fi)  GaAs  active  region.  (See  Figure  2-lc).  Because  the  double- 
heteroj  unction  laser  diode  provides  improved  confinement  to  a  narrower  region,  • 
low  threshold  current  densities  are  obtained.  A  detailed  view  of  the  double 
heterostructure  is  shown  in  Figure  2-ld.  These  laser  diodes  have  threshold 
current  densities  low  enough  to  operate  continuously  at  room  temperature. 

Because  the  active  region  is  thinner  than  those  of  the  si ngle-heteroj unction 
lasers  the  damage  level  is  lower  too.  Therefore,  these  lasers  have  proven  the 
most  suitable  for  continuous  operation.  They  cannot  produce  pulses  with  high 
peak  power,  but  they  can  operate  continuously  or  with  high  duty  cycle  at 
moderate  powers  (milliwatts)  at  room  temperature. 

High  peak  powers  in  pulses  less  than  1  /xsec  and  with  low  duty  cycles  are 
obtained  with  single  heterojunction  devices. 

Pumping  of  solid  state  lasers  such  as  Nd:YAG  or  Nd:YLF  requires  either  a 
cw  source  or  a  pulsed  source  with  a  pulse  duration  of  200-300  ^sec.  Due  to 
the  small  heat  capacity  of  the  pn-junction  of  the  laser  diode,  the  latter 
pulse  width  represents  quasi -cw  operation. 

Therefore  laser  diodes  with  double-heteroj unction  structure  are  most 
suitable  for  pumping  either  cw  or  Q-switched  solid  state  lasers. 

The  most  recent  developments  in  high  efficiency  CW  pumped  laser  diodes 
are  the  multiple  quantum  well  (MQW)  structures  and  the  graded  index  single 
quantum  well  (GRIN)  structures. 
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In  a  MOW  structure  the  active  layer  is  divided  Into  a  number  of  extn 
thin  sublayers  with  different  band  gaps.  The  potential  wells  thus  formed 
to  improve  the  optical  coupling  between  neighboring  laser  channels. 

Multiple  quantum  well  structures  require  the  ability  to  prepare  ultr 
thin  GaAs  and  Alj^Ga^.j^As-layers.  Wafers  with  different  numbers  of  wells, 
different  well  and  barrier  thicknesses  are  prepared  by  several  companies. 
Commercial  devices  offered  by  Spectra  Diode  Labs  contain  as  many  as  15  la. 
The  semi-conductor  layer  structure  consists  of  the  substrate,  cladding  la: 
quantum  well  layers,  barrier  layers,  etc.  The  active  zone  typically  cons 
of  four  130  A  thick  GaAlAs  wells  and  three  40  A  thick  barrier  layers. 

The  ability  to  profile  the  GaAs  composition  of  the  epi layers  by  MBE 
MOCVD  techniques  also  made  possible  the  preparation  of  a  laser  with  grade 
index  waveguide  and  separate  carrier  and  optical  confinements  (GRIN-SCH). 

Such  structures  provide  not  only  separate  confinement  of  light  and 
carriers  to  provide  further  optimization  possibilities  for  the  threshold 
current,  but  also  an  arbitrarily  graded  index  profile  outside  the  carrier 
confinement  region. 

Instead  of  trapping  electrons  in  a  multiple  well  structure  the  GRIN 
technology  is  based  on  a  graded  index  structure  to  collect  electrons  and 
funnel  them  into  a  single  quantum  well.  The  graded  index  region  provides 
the  waveguide  structure  for  the  laser  action. 


Graded  index  region  achieved  by 
change  of  A1  concentration 

"  Quantum  well 
50-100  A  thick 
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This  technology,  which  is  only  about  12  months  old,  represents  the  state- 
of-the-art  in  CW  laser  diode  production.  In  order  to  produce  single  quantum 
well  structures,  one  needs  special  MOCVD  equipment,  which  is  capable  of  making 
very  sharp  transitions.  The  quantum  well  structure  essentially  represents  a 
monatomic  layer  embedded  in  thick  layers  of  different  compositions.  Companies 
and  organizations  which  have  started  to  make  graded  index,  single  quantum  well 
structures  include;  McDonnell  Douglas,  TRW.  General  Electric,  and  the 
University  of  Illinois. 

The  performance  of  laser  diodes  based  on  the  graded  index,  single  quantum 
well  structure  is  about  a  factor  two  better  than  multiple  quantum  well 
designs.  For  example  quantum  efficiencies  at  room  temperature  of  SO  to  60 
percent  are  routinely  achieved.  The  output  from  a  6  ^  stripe  is  as  high  as 
1.5  watts.  For  double  heterostructures  the  output  is  typically  10  mW/am.  For 
single  quantum  well  structures  the  output  is  20-25  mW/^.  The  damage  thres¬ 
hold  is  considerably  higher  in  single  quantum  well  structures  due  to  a  lower 
current  density  than  multiple,  quantum  well  structures.  At  the  McDonnell 
Douglas  R4D  facility  at  Elmsford,  New  York,  linear  arrays  yielding  20  watts 
per  cm  have  been  fabricated. 

These  devices  consist  of  60  uir  wide  stripes  spaced  at  400  um  centers. 

(25  units  with  0.8  W  output  each.) 

The  GRIN  structure  is  the  latest  development  in  the  evolution  of  laser 
diodes  which  started  with  homojunction,  single  and  double  heterojunction  and 
led  to  multiple  and  single  quantum  well  structures.  During  this  evolutionary 
process  quantum  efficiency  has  been  increased  from  a  few  percent  to  over 
70  percent. 

Devices  with  High  Output  Power 

For  solid  state  laser  pumping,  the  maximum  power  during  a  200  a sec  pulse 
and  the  maximum  repetition  rate  capability  are  of  interest.  (See  References 
2.1  to  2.6) 
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The  first  limitation  relates  to  the  power  density  at  the  emitting  su 
and  the  limit  Imposed  by  facet  damage.  The  maximum  repetition  rate  relat 
the  average  power  capability  of  the  device  and  Is  determined  by  the  desig 
cooling  of  the  heat  sink. 

The  output  powers  of  conventional  gallium  aluminum  arsenide  diode  la 
are  limited  by  catastrophic  optical  damage.  The  destruction  of  the  laser 
facet  is  caused  by  absorption  of  laser  radiation,  which  can  reach  intensi 
of  several  megawatts  per  square  centimeter  at  the  facet.  The  active  laye 
a  semiconductor  laser  Is  made  of  material  which  is  highly  absorptive  at  t 
laser  wavelength  when  current  Is  not  flowing  through  the  p-n  junction.  U 
bias,  however,  minority  carriers  are  injected  Into  the  active  layer,  crea 
a  population  inversion  and  thereby  reversing  Its  characteristics  from 
absorbing  to  gain>prov1d1ng. 

At  the  interface  of  the  active  layer  with  the  external  ambient,  howe 
electronic  surface  states  .provide  highly  efficient  centers  for  nonradlatl 
recombination  and  deplete-  this  inversion.  This  causes  the  active-layer 
material  In  those  regions  of  the  facets  to  become  absorbing.  The  heating 
occurs  because  of  this  absorbed  radiation  causes  the  material's  band  gap 
shrink,  making  the  active  layer  even  more  strongly  absorbing.  The  subseq 
thermal  runaway  results  in  damage  to  the  facet  by  localized  melting. 

Because  catastrophic  optical  damage  Is  determined  by  power  density, 
can  increase  the  total  power  of  a  laser  by  spreading  the  beam  over  a  larg 
area  of  the  output  facet,  or  by  increasing  the  damage  threshold  of  the  fa 

A  larger  emitting  surface  can  be  achieved  by  either  Increasing  the 
thickness  or  the  width  of  the  lasing  region. 

Increase  of  the  Thickness  of  the  Emitting  Surface 

Structures  which  widen  the  optical  mode  perpendicular  to  the  plane  o 
junction,  include  the  large  optical  cavity,  the  thin  active  layer  and  the 
single  quantum  well /separate  confinement  heterostructure.  In  all  these 
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structures  the  optical  wave  is  weakly  guided  by  a  thin  active  layer,  causing 
the  mode  to  spread  into  the  cladding  layers. 

For  example,  in  the  large  optical  cavity  design  the  two  regions  of  a 
double-heteroj unction  laser  diode  are  separated  by  a  waveguide  region.  This 
layer  is  a  lightly  n-type  doped  material  with  a  very  low  absorption  coeffi¬ 
cient  at  the  lasing  photon  energy.  As  a  result  the  thickness  of  that  region 
oan  be  increased  to  reduce  the  optical  flux  density  in  the  active  region 
without  reducing  external  quantum  efficiency. 

Increase  of  the  Width  of  the  Emitting  Surface 

The  available  output  power  from  laser  diodes  can  be  increased  to  some 
extent  by  using  multilayer  waveguide  structures  as  described  above.  However, 
in  order  to  effect  order-of-magnitude  improvements  the  beam  must  be  expanded 
laterally  within  the  active  region.  In  principle,  the  power  can  be  spread  out 
parallel  to  the  junction  simply  by  increasing  the  active  stripe  width. 

While  the  light  is  tightly  confined  in  the  transverse  direction,  that. is 
not  the  case  in  the  lateral  direction.  At  first  look,  it  might  appear  that 
light  generated  under  the  metallic  contact  will  spread  through  the  entire 
plane  of  the  active  layer.  However,  the  injection  of  carriers  into  the  active 
layer  alters  the  refractive  index  of  the  active  layer  directly  beneath  the 
electric  contact.  If  the  electric  contact  is  shaped  into  a  narrow  stripe 
(less  than  8  micrometers  wide)  running  the  length  of  the  diode,  the  profile  of 
the  Injected  carriers  provides  a  weak  complex  waveguide  that  confines  the 
light  laterally— a  mechanism  commonly  referred  to  as  gain  guiding.  (See 
Figure  2-2a  and  2-2c.) 

In  the  index-guided  laser,  in  addition  to  confining  the  current  via  a 
stripe,  the  light  is  also  confined  or  guided  in  the  lateral  plane  by  a  region 
of  a  higher  refractive  index  than  the  outer  regions.  fSee  Figure  2-2b.) 

Since  the  light  in  these  structures  is  guided  by  variations  in  the  real 
refractive  index  of  the  various  materials,  the  corresponding  devices  are  known 
as  index-guided  lasers.  Index-guided  lasers  supporting  only  the  fundamental 
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Figure  2.2  Wave-confining  structure 

a)  Gain-guided  structure  (Ref.  Dan  Botez,  IEEE  Spect 

b)  Index  guided  structure  June  1985,  P.  43) 

c)  Detail  of  gain  guided  single-stripe  laser 

I  Ref.  P.S.  Cross  et  al,  Photinics  Spectra  1984,  F 
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transverse  mode  therefore,  they  emit  a  single,  well -collimated  beam  of  light 
whose  Intensity  profile  Is  a  bell -shaped  Guassian  curve. 

Although  Index  guiding  Is  considered  more  desirable  for  many  applica¬ 
tions,  It  Is  also  a  more  difficult  process  to  implement  in  semiconductor 
production.  Gain  guiding  does  not  put  such  serious  demands  on  manufacturing 
processes,  leading  to  much  lower  costs.  Today,  gain  guiding  Is  the  dominant 
technique  In  commercial  lasers. 

Since  the  application  of  laser  diodes  for  solid  state  laser  pumping  does 
not  make  any  stringent  demands  on  beam  quality  gain  guided  lasers  will  most 
likely  be  the  choice  for  a  cost  efficient  design. 

In  a  gain  guided  laser  we  could  expect  output  power  to  Increase  linearly 
with  stripe  width.  Therefore  one  could  consider  preparing  a  wide- stripe  laser 
with  a  width  of  several  hundred  micrometers.  Such  broad-area  lasers  do  emit 
substantial  power,  but  as  a  result  of  optical-fleld/injected  charge  Inter¬ 
actions,  they  often  lase  in  a  multitude  of  incoherent  filaments.  Also,  the 
large  waveguide  can  support  several  transverse  modes  which  generally  change  as 
the  driving  current  is  increased. 

The  relatively  poor  optical  quality  of  these  wide  stripe  devices  is  not  a 
hinderance  to  their  use  as  pump  sources.  However,  the  device  susceptibility 
to  uncontrollable  filamentary  operation  can  lead  to  localized  damage  of  the 
faces  and  substantially  reduce  the  life  of  the  diodes. 

In  order  to  achieve  more  stable  laser  operation,  a  broad  active  stripe 
can  be  divided  Into  several  nominally  single-mode  stnpes.  Multi  stripe 
structures  or  linear  arrays  will  be  discussed  in  the  next  section. 

2.1.2  Linear  Arrays 

The  high  structural  and  compositional  uniformity  of  epitaxial  layers 
grown  by  recently  developed  methods  allows  the  integration  on  one  and  the  same 
substrate  of  a  large  number  of  semiconductor  lasers  arranged  side  by  side. 
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The  original  objective  of  this  effort  was  to  obtain  higher  power  levels  ir 
stable  radiation  pattern  than  those  available  from  a* single  laser.  The 
lateral  optical  coupling  of  closely  spaced  laser  resonators  provides,  how« 
certain  additional  features  such  as  the  phase-locked  operation. 

Crystal  growth  of  (GaAl)As  1s  currently  carried  out  in  one  of  three  ' 
liquid-phase  epitaxy  (LPE);  metal-organic  chemical  vapor  deposition  {HO-C' 
or  molecular-beam  epitaxy  (MBE).  The  first  of  these  methods  Is  the  tradi 
tional  technique,  while  the  latter  two.  have  only  become  available  more 
recently.  Although  both  MO-CVD  and  MBE  are  perhaps  more  difficult  and  co 
to  implement  than  LPE,  they  are  capable  of  the  much  finer  compositional  a: 
dimensional  control  required  for  successful,  reproducible  growth  of  large 
array  diode  lasers. 

Furthermore,  MOCVD  and  MBE  are  better  suited  to  economical  high-yiel 
mass  production  of  conventional  lasers,  and  should  supplant  LPE  in  the  ve 
near  future. 

After  growth,  various  processing  steps  including  photolithography,  p 
implantation,  metallization,  crystal  cleaving,  sawing,  soldering,  and  lea 
bonding  are  implemented  to  produce  approximately  1000  lasers  from  each  sq 
centimeter. 

The  stripes  are  formed  by  a  spatial  variation  of  injected  current  or 
material  composition  (index-guided).  The  main  attraction  of  stripe-geome 
lasers  is  their  ability  to  limit  the  number  of  modes  in  which  the  laser  c 
oscillate,  with  the  general  goal  being  a  single  spatial  mode  and  better  o 
quality  than  the  multimode  beams  produced  by  wide  stripe  diode  lasers. 

Multi  stripe  systems  can  be  fabricated  as  coherent  or  incoherent  arra 
In  the  coherent  design  each  stripe  operates  in  the  fundamental  transverse 
and  is  evanescently  coupled  to  the  adjacent  stripes.  Since  the  stripes  a 
close  proximity  to  each  other  and  since  the  gain-guides  do  not  tightly  co 
the  light  laterally,  the  optical  mode  beneath  each  stripe  couples  via 
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evanescent  waves  to  Its  neighbors.  Thus  the  array  of  optical  fields  becomes 
locked  in  phase,  and,  if  the  phase  difference  between  adjacent  stripes  is 
zero,  the  lateral  radiation  pattern  consists  of  a  single  narrow  lobe. 

At  higher  power  levels,  neighboring  array  elements  generally  lase  180° 
out  of  phase  to  each  other.  This  phenomenon  produces  a  two-1 obed  “rabbit-ear" 
far- field  pattern,  which  cannot  be  focused  to  a  single  spot. 

« 

At  output  power  levels  of  100  to  500  mW  phased  arrays  generate  well 
collimated  output  beams. 

For  side  pumping  of  laser  slabs  or  cylindrical  crystals,  phase  coherence 
of  the  output  beam  is  not  required  because  the  radiation  pattern  does  not  have 
to  be  tightly  imaged  into  a  small  spot.  Therefore  incoherent  linear  arrays 
are  employed  for  solid  state  laser  pumping.  Incoherent  arrays  have  an 
optically  insulating  layer  between  the  active  stripes.  Therefore,  each  stripe 
represents  an  independent  layer.  This  has  the  advantage  that  a  very  large 
number  of  stripes  can  be  built  on  a  monolithic  substrate.  For  example,  a  25  W 
device  produced  by  Spectra  Diode  Lab  has  1000  stripes.  In  coherent  arrays, 
the  total  width  cannot  exceed  a  certain  limit,  otherwise  spontaneous  emission 
and  lateral  lasing  will  occur. 

Incoherent  arrays  can  be  stacked  in  length  to  any  practical  size. 
Typically,  linear  arrays  are  made  from  modules  containing  for  example,  in  the 
case  of  a  IW  Siemens  laser,  36  stripes.  Up  to  five  modules  can  be  mounted  on 
a  common  heat  sink  to  produce  a  5  W  incoherent  array. 

Figure  2-3  shows  schematic  diagrams  of  phase-locked  and  incoherent  linear 
arrays. 

The  catastrophic  optical  damage  mechanism,  described  earlier,  which 
results  from  absorption  of  the  active  region  at  the  facet,  can  be  avoided  in  a 
new  class  of  structures;  they  are  the  nonabsorbing  facet  or  "window"  lasers. 
In  these  devices  the  active  layer  does  not  extend  to  the  facet.  Since  the 
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active  layer  is  isolated  from  the  surface,  no  absorbing  regions  exist  and 
catastrophic  optical  damage  is  avoided. 

Figure  2-4  is  a  diagram  of  one  such  geometT7.  The  interior  of  this 
structure  is  Identical  to  that  of  a  nonwindow  heterostructure  laser  and 
consists  of  a  thin  (approximately  100  nanometers)  n-type  AgAlAs  layer 
sandwiched  between  upper  and  lower  cladding  layers  of  p-  and  n-type  GaAlAs, 
respectively.  The  aluminum  content  of  each  of  the  cladding  layers  is  higher 
than  that  of  the  active  layer.  This  double  heterostructure  is  embedded  in  a 
current-blocking  structure  consisting  ot  an  n-GaA1As  layer  overlying  one  of 
p-6aAlAs,  forming  a  reverse  biased  p-n  junction.  The  aluminum  concentrations 
of  the  blocking  layers  are  similar  to  those  of  the  cladding  layers.  The  lower 
aluminum  fraction  of  the  active  layer  gives  It  a  higher  refractive  index  than 
its  neighboring  layers,  resulting  in  transverse  confinement  for  light 
traveling  along  the  laser  cavity.  The  window  laser  differs  from  the  conven¬ 
tional  buried  heterostructure  (BH)  laser  in  the  facet  region,  where  the  double 
heterostructure  is  replaced  by  AsAlAs  of  the  same  aluminum  concentration  as 
the  blocking  layers.  At  the  laser's  output  wavelength,  the  absorption 
coefficient  of  this  material  is  smaller  than  that  of  unpumped  active-layer 
GaAlAs  by  several  orders  of  magnitude.  The  facet  can  therefore  be  considered 
for  all  practical  purposes  to  be  transparent,  and  optical  damage  is 
eliminated. 

The  combination  of  monolithic  multi  stripe  laser  diodes  with  a  window 
structure  may  be  the  optimum  configuration  for  solid  state  laser  pumping. 

This  way  the  emitting  surface  is  increased  and  the  damage  threshold  is  raised. 

2.1.3  Two-Dimensional  Arrays 


a)  Stacked  2-D  Arrays 

The  only  viable  approach  so  far,  demonstrated  for  fabricating  high  power 
2-D  arrays  of  diode  lasers,  begins  by  subassembling  extended  linear  arrays  or 
"bars"  (up  to  about  1  cm)  of  individual  stripe  lasers,  and  then  stacking  these 
linear  arrays  to  form  a  2-D  array.  The  major  process  steps  required  to 
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fabricate  the  2-0  structure  are  shown  schematically  in  Figure  2-5.  The 
process  starts  by  growing  a  sequence  of  layers  of  AlGaAs  on  a  GaAs  substrate 
(typically  "0"  shaped  about  2"  in  diameter)  using  Metallorganic  Chemical  Vapor 
Deposition  (MOCVD).  These  layers  serve  to  provide  carrier  and  optical 
confinement  to.  achieve  good  lasing  efficiency.  Next  the  stripe  laser  patterns 
are  produced  photolithographically  and  the  contact  metallizations  are 
deposited.  The  wafer  is  then  separated  into  one  cm  long,  linear  arrays  by 
cleaving  along  crystal  planes  to  form  the  laser  cavity  mirrors.  Dielectric 
coatings  are  applied  to  the  facets  as  soon  as  possible  to  inhibit  degradation 
and  to  prevent  light  from  being  lost  out  the  back  facet. 

The  laser  bars  are  next  soldered  onto  mounting  plates  made  of  a  material 
with  high  termal  conductivity  and  with  a  coefficient  of  expansion  that  matches 
GaAs.  Examples  of  such  materials  are  BeO  and  Cu/W  composites.  A  spacer  plate 
is  then  attached  to  the  mounting  plate  to  provide  adequate  clearance  between 
layers  in  the  2-0  stack.  The  spacers  can  also  serve  as  wirebonding  pads  and 
as  additional  thermal  conduction  paths  to  remove  heat  dissipated  in  the  laser 
bars.  Finally,  the  linear  subassemblies  are  stacked  to  form  the  2-0  array. 

b)  Monolithic  Two-Dimensional  Arrays 

The  basic  method  of  stacking  up  linear  arrays  to  create  2-0  arrays 
requires  a  large  number  of  fabrication  processes.  An  intuitively  appealing 
alternative  approach  is  to  fabricate  two-dimensional  arrays  directly  at  the 
wafer  stage,  thereby  substantially  reducing  the  manufacturing  complexity.  At 
present,  there  is  only  limited  research  being  conducted  on  such  "surface 
emitting"  laser  structures,  and  the  results  to  date  have  been  relatively  poor. 
For  example,  cw  room  temperature  operation  has  only  been  possible  at  very  low 
power  density  using  InGaAsP  material  and  has  not  been  achieved  at  all  with 
AlGaAs.  Nevertheless,  the  potential  for  emulating  the  silicon  VLSI  revolution 
makes  this  "high  risk-high  potential"  approach  attractive,  especially  for  very 
high  volume  applications. 

Two  potential  configurations  for  achieving  surface  emission  are  shown  in 
Figure  2-6.  The  first  (Figure  2-6a)  is  a  "horizontal"  distributed  Bragg 
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Figure  2.6  Monolithic  Z-Darray  with  horizontal  (a)  and 
vertical  (b)  distributed  Bragg  reflector. 
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reflector  (DBR)  structure  that  employs  a  second  order  grating  (period  1s 
200  nm)  In  or  near  the  active  layer  to  provide  the  feedback  necessary  foi 
laser  operation  and  to  couple  light  out  of  the  active  region  as  shown, 
current  Is  Injected  Into  the  center  of  the  structure  (where  there  is  no 
grating)  to  create  optical  gain,  and  the  light  is  coupled  out  In  the  "wl 
regions  over  the  gratings  where  the  metallization  has  been  removed.  In 
to  efficiently  remove  the  waste  heat,  the  structure  must  be  bonded  epi-s 
down  to  a  heatsink  that  Is  probably  metallic  and  optically  opaque.  As  a 
result,  the  light  must  couple  out  through  the  substrate  side  of  the  wafe 
which  1n  turn  must  consist,  for  example,  of  AlGaAs  with  high  A1  content 
minimize  absorption  of  the  light  as  It  passes  through. 

A  second  configuration  (Figure  2-6b)  is  a  "vertical"  DBR  structure 
which  the  periodic  reflectors  are  grown  during  the  MOCVD  epitaxial  layer 
growth.  The  injected  current  will  now  Ideally  flow  horizontally  through 
active  region  as  shown  and  then  out  through  the  substrate.  As  with  the 
horizontal  DBR,  the  vertical  structure  must  be  bonded  epi-side  down  and 
transparent  substrate. 

In  any  planar  2-D  configuration,  the 'individual  active  elements  wll 
arrayed  across  the  surface  of  an  entire  wafer.  As  an  example,  a  plan  v1 
a  wafer  section  containing  horizontal  DBR  lasers  Is  shown  In  Figure  2-7. 
grating  regions  can  be  seen  arranged  In  rows  separated  by  the  active  reg 
The  top  surface  is  largely  covered  with  metal  to  carry  the  current  to  th 
active  regions,  but  there  are  openings  In  the  metal  to  allow  the  light  t 
escape.  The  typical  size  of  each  active  element  might  be  about  10  um  by 
250 ^m,  with  10  urn  separations  between  rows  of  elements.  Assuming  that 
50  percent  of  the  total  surface  can  be  covered  with  active  elements  and 
each  element  emits  50  mW  (consistent  with  power  densities  in  conventlona 
laser  diodes),  the  2-D  structure  has  a  power  density  of  about  1  kW/cm  . 
value  Is  essentially  the  same  as  that  obtained  with  the  stacked  2-D  arra 
structure  and  therefore  can  be  considered  as  an  interchangeable  approach 
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Figure  2.7 

Wafer  section  containing  horizontal  distributed  Bragg  reflectors 

(Ref.  D.  Seif res,  Spectra  Diode  Lab,  White  paper  prepared 
for  I.LNL,  June  1986) 
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Some  of  the  technical  challenges  that  must  be  overcome  In  order  to 
utilize  a  monolithic  2-D  array  include: 

•  Reducing  the  electrical  resistance  of  the  top  metallization  to  an 
acceptable  value  which  may  require  thicknesses  up  to  1  mm 

§  Achieving  low  thermal  resistance  to  the  heat  sink  over  extended  a 

e  Developing  a  transparent  substrate  technology  in  the  AlGaAs  mater 
system,  and 

•  Geting  high  yield  through  wafer  fabrication  which  would  require  v 
low  defect  densities  and  redundant  designs. 

2.2  PERFORMANCE  OF  .INEAR  AND  2-D  ARRAYS 

In  this  section  we  will  briefly  discuss  currently  realized,  as  well 
near  term  projected,  performance  levels  of  laser  diode  arrays  suitable  fc 
solid  state  laser  pumping.  Parameters  of  particular  interest  are  power 
output,  efficiency,  wavelength  and  lifetime. 

2.2.1  Output  Power 

Through  a  combination  of  improved  device  technology,  and  integratior 
an  increasing  number  of  devices  into  arrays,  laser  diodes  have  achieved  6 
higher  optical  output  levels  in  recent  years.  A  number  of  companies  suci’ 
Spectra  Diode  Laboratories,  Ortel ,  Siemens  and  Mitsubishi  offer  coherent 
incoherent  linear  diode  arrays  for  the  conmercial  market.  In  addition,  c 
number  of  companies  such  as  McDonnell  Douglas,  TRW,  RCA  and  GE  are  invol\ 
the  fabrication  of  arrays  for  military  applications. 

The  power  levels  of  laser  diode  arrays  mentioned  below  are  for  quas* 
laser  diodes,  i.e.  for  pulsewidth  longer  than  a  few  microseconds.  Since 
pumping  of  a  Nd:YAG  laser  requires  pulselength  on  the  order  of  200 ^sec 
potential  diode  pump  sources  for  Nd  lasers  operate  in  the  quasi -cw  mode. 

Diode  lasers  capable  of  very  high  peak  power  have  been  in  existence 
many  years,  but  these  devices  typically  operate  only  under  short  pulse  C 
100  nanoseconds)  and  low-duty-cycle  conditions. 
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As  the  pulse  width  of  a  typical  aluminum  gallium  arsenide  diode  laser  is 
increased,  its  maximum  peak  power  capability  decreases,  as  shown  in  Figure 
2-8.  The  cause  of  this  limitation  is  catastrophic  facet  degradation,  a 
process  whereby  optical  energy  is  absorbed  near  the  facet,  initiating  a 
thermal  runaway  condition  that  raises  the  local  temperature  of  the  facet  to 
the  melting  point.  Because  of  the  small  volume  of  material  involvd  in  this 
process,  catastrophic  facet  damage  can  occur  In  less  than  one  microsecond. 

For  pulses  longer  than  a  few  microseconds,  the  heat  generated  by  optical 
absorption  diffuses  out  of  the  laser  material,  and  the  catastrophic  damage 
limit  for  diode  lasers  operated  in  long-pulse  mode  approaches  the  cw  damage 
limit.  Thus,  long-pulse  operation  (>  >  1^)  is  also  called  quasi-cw 
operation. 

Figure  2-9  shows  the  peak  power  pulse  width  relationship  of  a  commercial 
diode  array  {SDL-2410-C) . 

We  also  note  that  the  structures  discussed  below  have  incoherent  outputs, 
because  the  stripes  are  separated  by  isolation  regions,  which  prevent  phase¬ 
locking.  By  forming  these  laterally  isolated  regions  high  power  laser  diode 
arrays  can  be  fabricated  by  merely  adding  more  stripes.  Otherwise,  as  the 
width  of  the  laser  approaches  and  exceeds  the  cavity  length,  transverse  lasing 
and  amplified  spontaneous  emission  compete  for  carriers,  and  the  desired  laser 
action  is  diminished. 

Linear  Arrays 

As  examples  of  state-of-the-art  linear  arrays  suitable  for  Nd: laser 
pumping,  we  will  consider  arrays  made  by  Spectra  Diode  Laboratories,  McDonnell 
Douglas  and  Siemens.  SDL  is  clearly  the  leader  in  the  fabrication  of  coherent 
and  noncoherent  laser  diode  arrays  for  conmercial  use.  A  state-of-the-art 
array  is  a  1,000  stripe  device  with  a  25  watt  output  in  a  200  ixsec  pulse 
across  a  one  centimeter  bar.  In  this  design  the  individual  stripe  produces  25 
mW,  which  is  low  enough  to  guarantee  good  lifetime.  Another  design  having  a 
lower  packaging  density  (20  percent  of  the  bar  length)  produces  11  watts. 

This  power  level  is  generated  by  twenty,  10-stripe  lasers.  Each  stripe 
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Figure  2.9 


Peake  pov/er  vs  pulse  width  for  connnercial  die 
arrays  (spectra  Diode  Lab  SDL-2A10) 
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occupies  100 ftm  of  facet  length,  and  the  stripes  are  spaced  on  500-juni  centers. 
The  device  was  operated  at  a  repetition  rate  of  50  Hz  by  applying  current 
pulses  150  fisec  long.  Figure  2-10  shows  a  plot  of  output  power  versus  diode 
current.  The  tnaximuin  peak  current  was  11  W  at  17.3  A  and  the  best  slope 
efficiency  was  0.96  W/A.  This  corresponds  of  a  61  percent  quantum  efficiency. 
The  maximum  conversion  efficiency  of  optical  power  output  to  electrical  power 
Input  was  27  percent. 

% 

At  McDonnell  Douglas  a  large  number  of  bars  are  fabricated  from  wafers 
received  from  Siemens  and  Hewlett  Packard.  The  bars  are  assembled  Into  2-D 
arrays.  Typical  output  per  bar  is  25  W.  In  some  cases  as  much  as  60  W/cm  has 
been  achieved. 

The  latter  performance  is  the  result  of  the  graded  Index,  single  quantum 
well  design  of  diodes  fabricated  either  with  MOCVD  or  MBE  techniques. 

In  order  to  illustrate  the  progress  made  with  multi  stripe  laser  diodes  we 
have  listed  the  progression  of  output  powers  achieved  from  devices  made  by  SDL 
over  the  last  two  years. 


Number  of 

Stri pes 

Aperture  Width 
mm 

Output  Power 

W 

40 

0.4 

2.5 

140 

0.8 

4.0 

100 

1.0 

5.4 

200 

10.0 

11.0 

1000 

10.0 

25.0 

A  ten-fold  improvement  in  power  was  achieved  within  two  years. 

From  the  data  shown  above,  we  see  that  the  power  output  per  stripe  ranges 
from  25  mW  to  60  mW.  As  was  discussed  before,  facet  damage  sets  the  upper 
limit  for  the  power  emitted  from  one  stripe. 
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Figure  2.10  Optical  output  power  vs.  diode  current  for  a  I 
stripe  monolithic  array. 

(Ref.  D.R.  Scifers,  Appl.  Phy?.  Lett.  vol.  41, 
Dec.  1982,  P.  1030) 
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However,  if  the  gain  guided,  double-heteroj unction  multiple  "stripe" 
geometry  is  combined  with  the  window-laser  approach,  100  mW  per  stripe  seems 
quite  achievable.  This  will  lead  to  one  cm  bars  capable  of  100  W  output  in  a 
200  /uisec  pulse. 

Similarly  high  output  powers  are  projected  for  gradient  index,  single 
quantum  well  structures  which  have  a  higher  damage  threshold  compared  to 
•  double  heterostructure  devices. 

Standard  commercial  devices  offered  by  SDL  and  Siemens  have  an  output  of 
5  W  "quasi -CW"  and  consist  of  140  and  180  stripes  respectively.  In  the 
Siemens  design,  each  stripe  is  15  am  wide  and  300 ^m  long.  The  average  power 
or  duty  cycle  of  these  devices  is  determined  by  the  heat  dissipation 
capability  of  the  mounting  structure. 

2-0  Arrays 

Only  one  company,  McDonnell  Douglas,  has  currently  the  fabrication 

capability  to  produce  stacked  2-D  arrays.  The  company  has  developed  the 

2 

technology  to  produce  arrays  with  an  output  power  of  one  kW/cm  ^ir  200 fim 
long  pulsds.  (See  Figure  2-11.) 

2 

For  example,  one  0.5  cm  array  produced  475  W  peak  power  in  a  200  asec 
long  pulse.  The  array  is  made  up  by  stacking  20  bars  each  one  cm  long.  Each 
bar  produces  24  W  and  is  fabricated  from  120am  wide,  10  stripe  modules. 

About  80  modules  are  mounted  on  a  one  cm  bar. 

McDonnell  Douglas  has  fabricated  a  number  of  2-D  arrays  ranging  from  0.5 

2  2 
cm  to  several  cm  in  area. 

The  largest  2-D  stacked  array  built  to  date  is  comprised  of  seven 

2 

subarrays  each  having  an  area  of  0.55  cm  .  Each  subarray  produces  a  peak 
power  of  413  W  in  a  216  asec  long  pulse,  therefore  a  total  energy  per  pulse  of 
620  mj  is  achieved  from  the  3.85  cm  array.  The  electrical  input  into  each 
subarray  is  58A  at  30  V  which  results  in  an  optical  output  to  input  efficiency 
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of  24  percent.  The  array  was  employed  to  pump  a  Q-switched  NdrYaG  slab  laser. 
Details  of  the  performance  of  the  laser  will  be  given  in  Section  4.3. 

2 

The  power  density  of  about  one  kW/cra  which  can  be  achieved  from  these 
arrays  is  limited  by  the  laser  diode  fabrication  technology.  The  achievable 
average  power  is  determined  by  the  heat  sink.  The  arrays  mentioned  above  are 
typically  pulsed  at  50  Hz,  i.e.  the  duty  cycle  is  around  1  percent.  Therefore 
the  average  power  from  an  array  is  typically  10  W/cm‘’. 

Utilizing  advanced  heat  s-ink  designs  (see  Section  5)  it  is  expected  that 
this  limit  can  be  raised  to  (100  to  200)  W/cm^. 

The  output  levels  mentioned  above  have  been  achieved  with  arrays 
operating  at  (20-25  percent)  overall  efficiency.  Clearly  if  the  efficiency 
can  be  increased  (i.e.  window  laser,  GRIN  structures,  etc.)  the  heat  loading 
will  decrease  accordingly  and  higher  average  powers  can  be  achieved. 

2.2.2  Efficiency 

The  energy  conversion  efficiency  of  a  laser  diode  depends  on: 

a)  Internal  quantum  efficiency 

b)  Electrical  series  resistance 

c)  Threshold  current 

d)  Operating  point  of  the  laser  relative  to  the  threshold  current. 

Improvements  of  the  items  a  to  c  can  be  achieved  by  optimizing  the  internal 
structure  of  the  laser  through  parameters  such  as  layer  thickness,  composition 
and  doping  concentrations.  Item  d  requires  that  the  laser  be  operated  at  very 
high  output  power  densities.  This  is  illustrated  in  Figure  2-12,  with  plots 
of  the  light  versus  current  and  power  conversion  efficiency  versus  current  for 
a  10  r.tripe  laser  operation  in  quasi-cw  (150  usee  pulse)  mode.  Up  to  thres¬ 
hold  (200  MA),  the  conversion  efficiency  is  nearly  zero  because  little  power 
is  emitted  below  threshold.  However,  the  efficiency  rises  rapidly  above 
threshold  to  about  35  percent  at  800  MW  output.  This  peak  value  of  efficiency 
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OPUCAL  OUTPUT  POWER  (mW) 


of  current  (Spectra  Diode  Lab,  Model  SDL- 10) 


CURREKT  (mA) 


{Ref.  White  paper  prepared  by  Spectra  Diode 
Laboratories  entitled,  "The  development  and 
production  of  ultra-high  power/two  dimensional 
diode  laser  arrays,  June  4,  1986) 
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CONVERSIOfC  EFFICIENCY  (%| 


1s  set  primarily  by  the  differential  quantum  efficiency  and  electrical  series 
resistance.  Since  the  maximum  efficiency  occurs  at  very  high  power  (near  the 
catastrophic  damage  limit,  in  fact),  the  output  facet  will  degrade  rapidly. 
Therefore,  in  order  to  achieve  the  highest  possible  power  conversion 
efficiency,  it  will  be  necessary  to  miniinize  the  facet  degradation  associated 
with  high  power  density. 

The  performance  of  commercially  available  laser  diodes  and  arrays  is 
usually  expressed  in  terms  of  slope  efficiency.  This  eliminates  the  need  for 
stating  specific  operating  points  at  which  a  particular  overall  efficiency  is 
achieved.  With  the  threshold  current  and  slope  efficiency  given,  the  overall 
efficiency  for  a  particular  operating  point  can  be  calculated. 

Conmercially  available  devices  have  slope  efficiencies  on  the  order  of 
25  percent.  Index  guided,  single  quantum  wells  structures  achieve  slope 
efficiency  40-50  percent  on  the  average.  Individual  bars  can  be  higher  than 
that.  Also  in  the  window  laser,  a  slope  efficiency  well  over  50  percent  has 
been  achieved. 

Projections  from  several  researchers  indicate  that  slope  efficiencies  of 
60  of  70  percent  will  be  achieved  for  laser  diodes  within  the  next  five  years. 

The  conversion  efficiency  of  a  diode  array  not  only  has  a  direct 
influence  on  the  overall  efficiency  of  the  solid  state  laser  but  also  is  one 
of  the  key  parameters  determining  the  design  of  2-D  arrays.  As  will  be 
discussed  in  more  detail  in  Section  5,  heat  dissipation  in  a  2-D  array  is  the 
limiting  factor  with  regard  to  average  power  from  the  laser.  The  ave'*age 
power  of  the  laser  can  be  Increased  by  increasing  the  efficiency  of  the  laser 
arrays.  At  present,  the  projected,  reproducible  conversion  efficiency  of  the 
2-D  arrays  is  about  20  percent.  Therefore,  for  every  watt  emitted,  4  watts 
are  dissipated.  On  the  other  hand,  graded  index,  single  quantum  well  struc¬ 
tures  have  consistently  exhibited  conversion  efficiencies  of  40  percent  and 
higher.  In  this  case,  only  1.5  watts  are  dissipated  for  every  watt  emitted— 
a  reduction  of  over  60  percent.  Thus,  the  average  emitted  power  could  be 
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Increased  a  factor  of  2.6  without  Increasing  the  total  dissipated  power  ( 
array.  It  Is  readily  apparent  that  tremendous  gains  In  average  output  pc 
can  be  made  by  Increasing  the  diode  efficiency  above  20  percent.  Such 
Improvements  would  be  crucial  In  applications  requiring  high  repetition  i 
high  power  density  or  where  high  conversion  efficiency  Itself  Is  a  primat 
parameter. 

2.2.3  Lifetime  Considerations 

One  of  the  several  attractions  of  diode  lasers  is  their  long  lifetir 

c 

Room-temperature  values  now  approach  10  hours  at  cw  output  powers  of  a 
milliwatts  per  stripe. 

Operating  lifetimes  generally  range  In  the  tens  of  thousands  of  hou 
double-heteroj unction  GaAlAs  lasers  emitting  about  10  to  20  milliwatts  a* 
temperature. 

Lifetime  was  a  serious  problem  with  early  diode  lasers,  but  fabrics 
technologies  have  addressed  reliability  Issues,  and  as  a  result  diode  la: 
have  achieved  the  Impressive  operating  lifetimes  mentioned  above.  In  gei 
lifetime  Is  longer  for  diode  lasers  with  lower  threshold  .currents,  ref  lei 
a  general  tendency  for  degradation  to  Increase  with  operating  current, 
low- threshold  laser  structures  come  Into  conmerclal  use,  laser  lifetimes 
should  continue  to  Increase.  Individual  diodes  In  an  array  can  fall  for 
variety  of  reasons,  and  laser  diode  degradation  can  be  broadly  attribute- 
three  major  causes: 

•  Damage  to  the  laser  mirrors  (facets)  which  reduces  their  reflect 
or  Increases  the  nonradlative  carrier  recombination  at  the  facet 

•  Ohmic  contact  degradation  v^lch  Increases  the  electrical  and  the 
resistance  of  the  laser,  and 

a  Internal  damage,  which  results  from  the  formation  or  movement  of 
lattice  defects  into  the  active  region  of  the  laser,  decreases  t: 
Internal  quantum  efficiency  and  Increases  the  optical  absorption 
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The  degradation  modes  of  facet  mirror  damage,  contact  degradation  and 
internal  damage  have  been  extensively  studied  by  laser  diode  manufacturers. 

For  this  study,  data  have  been  made  available  from  McDonnell  Douglas, 
Siemens  and  Spectra  Diode  Laboratories.  Some  indications  of  laser  lifetime 
come  from  accelerated  aging  tests,  in  which  the  laser  runs  well  above  room 
temperature  (e.g.  above  70°C)  for  long  Intervals.  Extrapolation  of  high- 
,  temperature  degradation  rates  can  indicate  room- temperature  lifetime. 

As  an  example.  Figure  2-13  shows  the  results  of  extensive  life  tests 
performed  at  SDL  on  a  multi  stripe  laser. 

Specifically,  lO-stripe  MOW  lasers  in  the  810-nanometer  region  were 
operated  at  100-mW  cw  output,  and  the  drive  currents  were  monitored  as  a 
function  of  time  for  heatsink  temperatures  of  30°C,  70°C,  and  100°C. 

After  screening  for  Infant  mortalities  at  70®C,  two  laser  lifetimes  were 
determined  for  each  temperature.  The  lifetime  for  gradual  degradation  was 
obtained  by  extrapolating  the  operating  current  to.  twice  its  Initial  value, 
using  the  measured  degradation  rate.  The  lifetime  for  catastrophic  failure 
was  the  actual  elapsed  time  before  sudden  failure  occurred.  Figure  2-13  shows 
plots  of  the  cumulative  failures  as  a  function  of  time  for  both  lifetimes  at 
70°C  and  100°C.  At  30°C  only  the  extrapolated  failures  due  to  gradual  degrad¬ 
ation  are  shown,  because  only  one  abrupt  failure  occurred  at  this  temperature. 

From  this  investigation,  three  failure  modes  were  Identified;  1)  sudden 
failure  during  burn-in  (screening),  which  is  related  to  the  formation  of  dark 
line  defects;  2)  gradual  degradation,  which  is  observed  at  all  temperatures; 
and  3)  sudden  failure  related  to  increases  in  thermal  resistance  (attributable 
to  failure  of  the  bonding  metallizations)  at  the  higher  temperatures.  The 
best  lasers  exhibited  degradation  rates  of  5  to  10  percent  per  thousand  hours 
at  70°C.  Below  30°C-  the  gradual  degradation  mechanism  is  the  primary  method  of 
failure.  At  30°C  the  estimated  mean  time  to  failure  for  the  100-mW  cw 
10-stripe  diode  laser  is  more  than  31,000  hours  (median  lifetime  is  more  than 
22,000  hours). 
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Figure  2.13  Plot  of  10-stripe  diode  laser  array  lifetimes 
at  30®C,  70®C,  and  100®C .  At  30®C,  the  estim 
mean  time  to  failure  is  more  than  31,000  hour 
(median  lifetime  is  more  than  22,000  hours) 

(Ref.  P.  Cross  et  al,  Lasers  &  Applications  April  1 
P.  89) 
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McDonnell  Douglas  reports  that  accelerated  life  tests  Indicate  mean  time 
to  failure  up  to  10^  hours.  It  has  been  observed  that  failure  of  an  Individ¬ 
ual  diode  does  not  short  out  an  entire  array,  because  the  bulk  resistance  is 
sufficiently  high  to  cause  a  redistribution  of  the  current.  Lifetime  esti¬ 
mates  for  arrays  which  are  operated  within  their  proper  temperature  limits  are 
on  the  order  of  five  to  ten  years  continuous  operation. 

•  Figure  2-14  shows  the  result  of  a  still  continuing  Hfetest.  After  an 
Initial  drop  In  power  during  the  burn-in  phase,  the  output  did  not  decrease 
noticeably  during  the  next  3000  hours.  This  time  is  equivalent  to  4  x  10^^ 
shots  at  a  pulse  width  of  200  /Lisec.  The  projected  long  lifetime  of  these 
arrays  compared  to  flashlamps  for  example.  Is  one  of  the  major  reasons  for 
DARPA's  interest  In  these  devices  for  space-based  solid  state  lasers. 

2 

Figure  2-15  shows  the  optical  output  history  of  a  0.45  cm  array 
fabricated  from  sixteen  9  mm  bars.  The  measured  electrical  conversion 
efficiency  was  26.4  percent.  A  pulse  repetition  rate  of  50  Hz  was  selected  to 
accelerate  the  test.  Figure  2-16  shows  the  power  output  versus  current  for 
the  array  at  the  beginning  and  at  10^  shots.  As  can  be  seen  from  these 
curves,  the  output  power  of  the  array  was  about  70  percent  of  the  Initial 
value  after  10^  shots. 

Another  data  point  rega'-dlng  lifetime  can  be  obtained  from  a  commercial 
manufacturer  of  laser  diodes.  Siemens  Is  offering  one  cm  long  linear  arrays 
made  from  180  stripes  with  an  output  power  of  5  W.  The  company  guarantees 
10,000  hours  lifetime  for  these  devices. 

2.2.4  Spectral  Properties 

The  spectral  properties  of  laser  diode  arrays  which  are  most  critical  for 
the  pumping  of  solid  state  lasers  are  the  center  wavelength  of  the  emission, 
the  spectral  with  of  the  array  and  the  wavelength  shift  with  temperature. 

Wavelength  of  a  diode  laser  depends  primarily  on  the  bandgap  of  the 
material  in  which  the  electrons  and  holes  recombine.  In  a  binary  compound 
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Figure  2.15  Array  Durability  Tests 
•Ref.  McDonnell  Douglas,  Report  N66001-83-C-0072 ) 
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Figure  2.16  Optical  Power  vs.  Current 
(Ref.  McDonnell  Douglas,  Report  N66001-83-C-0072  April  1986; 
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like  gallium  arsenide  the  bandgap  has  only  one  possible  value.  Where  the 
relative  proportions  of  different  elements  can  vaT7,  including  ternary 
compounds  like  GaAlAs  and  quaternary  compounds  such  as  InGaAsP,  a  range  o 
possible  wavelengths  can  be  obtained  as  shown. 

Nd  ions  in  a  number  of  hosts  such  as  YAG,  YLF  and  glass  have  substan 
absorption  in  the  vicinity  of  0.807 ^tm,  which  is  the  emission  wavelength 
diode  lasers  with  GaQ  gi^lQ  qqAs  active  regions.  As  far  as  pumping  of  Nd 
lasers  is  concerned  the  output  wavelength  can  be  tailored  to  the  peak 
absorption  by  adjustments  of  the  A1  concentrations.  Typically  a  change  i 
concentration  of  1  percent,  results  in  a  loX  change  in  wavelength. 

More  difficult  to  achieve  is  a  narrow  spectral  width  in  an  array.  T 

O 

bandwidth  of  the  Nd:YAG  absorption  line  at  808  nm  is  20  A  for  an  absorpti 
coefficient  larger  than  3.8  cm*^.  Individual  laser  diodes  have  a  spectra 
width  of  20  to  40  A  full  width,  half  maximum. 

Compositional  changes  and  temperature  gradients  within  an  array  lead 
much  broader  spectral  output  for  the  whole  array  as  compar3d  to  a  single 
device. 

O 

In  a  GaAlAs  structure  the  peak  emission  changes  3A/C.  Therefore,  ir 
order  to  keep  the  spectral  output  from  an  array  within  the  peak  absorpti c 
region  of  Nd:YAG,  the  compositional  variation  has  to  be  controlled  within 
fraction  of  1  percent  A1 ,  and  the  temperature  variation  across  the  array 
to  be  kept  below  20°C. 

The  question  arises,  what  other  solid  state  lasers,  besides  Nd,  can 
pumped  with  laser  diodes? 

8y  varying  the  composition  of  laser  diodes,  the  band  gaps 

be  tuned,  and  output  wavelength  between  770  and  900  nm  can  be  achieved, 
long  as  the  potential  lasing  material  has  good  absorption  between  770  nm 
900  nm  GaAlAs  laser  diodes  are  the  obvious  choice. 
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There  are  two  nece^iary  material -related  requirements  for  the  creation  of 
a  room  temperature  CW  diode  laser:  a  direct  bandgap  III-V  compound  that  emits 
light  efficiently,  and  availability  of  a  binary  III-V  compound  substrate 
material  with  lattice-constant-matching-alloy  compounds  so  that  heteroj unction 
can  be  created. 

In  ternary  and  quaternary  compounds  a  range  of  possible  wavelength  can  be 
obtained,  as  shown  in  Figure  2-17.  But  not  all  wavelengths  depicted  in  Figure 
2-17  are  attainable.  Some  compounds  lack  the  direct  bandgap  energy-level 
structure  needed  for  efficient  production  of  light;  these  indirect  bandgap 
materials  are  not  suitable  for  use  as  diode  lasers.  Another  difficulty  is 
that  ternary  or  quaternary  compounds  are  grown  on  substrates  of  binary 
compounds  for  the  growth  to  proceed  properly,  the  spacing  of  atoms  in  the 
substrate  must  be  close  to  that  in  the  compounds  being  grown.  The  development 
of  strained-layer  superlattice  structures  may  enhance  the  range  of  compounds 
that  can  be  grown,  but  at  present,  only  a  limited  range  of  diode-laser 
materials  are  used  commercially  as  shewn  in  Table  2-1. 

While  pulsed  lasers  are  made  in  the  wavelength  range  between  0.9  and 
1.2 jUm,  the  difference  in  bandgap  energy  and  index  of  refraction  between 
InGaAsP  and  InP  is  not  large  enough  to  confine  the  injected  electrons  and 
holes  or  the  light,  and  hence,  low  threshold  lasers  cannot  be  achieved. 

Through  materials  research  efforts  to  reduce  defects  propagating  from  the 
substrate/epitaxial  layer  interface,  the  lattice  match  requirement  may  be 
relaxed  in  the  future  such  that  reliable,  low  threshold  InGaP/InGaAs  lasers 
could  be  made  reproducibly. 

Laser  diodes  with  emission  wavelength  shorter  than  700  nm  are  in  demand 
as  light  sources  of  data  processing  equipment,  bar  code  readers  in  super¬ 
markets,  and  as  a  replacements  for  HeNe  lasers.  In  particular  several 
Japanese  companies  such  as  Toshiba,  NEC  and  Sony  are  very  active  in  the 
development  of  short  wavelength  laser  diodes.  These  companies  have  all 
developed  new  experimental  diode  lasers  made  from  InGaAlP.  Continuous  wave 
visible  wavelength  operation  has  been  achieved  at  room  temperature  with 
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Plot  of  lattice 

(Ref.  J.  Hecht, 
1984,  P.  61) 
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Lasers  &  Applications,  Jan. 
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GaAIAs 

770  to  900 

inOaAs 
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inGaAsP 

1300  to  1550 

Wavelengths  of  Commercial  III-VI  Diode  Lasers 

(Ref.  J.  Hecht,  Lasers  &  Applications,  Jan. 
1984,  P.  61) 
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wavelength  ranging  from  670-690  nn.  Maximum  cw  output  is  20  r.w.  The  device 
was  produced  by  MOCYD,  thin  layers  of  InGaAlAs  and  InGaP  could  be  grown  on  a 
GaAs  substrate. 

The  technology  of  these  new  compounds  will  have  to  be  developed  further 
in  order  to  overcome  reliability  problems. 

Device-material  changes  require  the  longest  development  cycle,  and  diode 
lasers  with  good  CW  properties  between  0.65  and  0.78/im  are  still  three  to 
five  years  away.  Emission  wavelength  shorter  than  about  0.6 ^m  is  not 
technologically  straightforward  based  on  what  we  now  know.  There  are  at 
present  no  efficient  (greater  than  25  percent  internal  efficiency)  LED's  or 
direct  bandgap  materials  with  emission  wavelengths  much  shorter  than  0.65  am, 
and  even  n-  and  p-type  doping  in  such  high-bandgap  materials  is  difficult  due 
to  self-compensation. 

Even  if  such  lasers  were  developed,  the  high  density  of  electron  hole 
recombination  and  the  high  energies  released  during  nonradiative  transitions 
in  these  high  bandgap  materials  will  probably  lead  to  fast  degradation. 

Yellow,  green,  and  blue  diode  lasers  will  probably  not  be  available  within  the 
next  ten  years. 

2.3  COST  PROJECTIONS 

In  this  section  an  attempt  will  be  made  to  relate  the  price  of  laser 
diode  arrays  to  performance  and  production  quantities. 

The  cost  of  laser  diode  arrays  is  the  biggest  hinderance  to  their  use  for 
laser  diode  pumping.  Therefore  a  good  understanding  of  the  relationship 
between  cost  and  production  quantities  is  very  important  in  projecting  the 
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potential  of  these  pump  sources  for  solid  state  lasers.  Our  projections  ar 
based  on  the  following  inputs: 


•  Current  prices: 

Linear  and  2-D  arrays  are  currently  fabricated  in  small  quantities 
which  can  best  be  described  as  pilot  production  runs.  Linear  arraj 
up  to  the  5W  output  level  are  commercially  available,  whereas  more 
powerful  linear  arrays  and  all  2-D  arrays  are  built  essentially  on 
single  unit  basis,  under  Government  sponsorship.  The  current  cost 
these  devices  will  therefore  establish  an  upper  limit.  On  the  otht 
hand,  since  laser  diodes  for  use  in  disk  players  are  manufactured  t 
the  millions,  the  cost  of  these  devices  will  therefore  establish  a 
lower  bound. 

•  Quotations  for  Limited  Production  Runs 

FIBERTEK,  Inc.  did  approach  several  major  manufacturers  of  linear 
arrays  for  quotations  of  laser  quantities  of  their  existing  device: 
Quotations  for  production  runs  of  up  to  1Q,0Q0  units  have  been 
recei ved. 

•  Projections  by  Laser  Diode  Manufacturers 

As  a  result  of  visits  and  discussions  with  personnel  from  Spectra 
Diode  Laboratories,  RCA,  McDonnell  Douglas,  Siemens,  SPIRE  and  Nigi 
Vision  Laboratory,  valuable  insight  and  information  was  gained 
regarding  the  cost  drivers  in  the  cost-quantity  relationship.  In 
particular.  Spectra  Diode  Laboratory  made  available  to  us  a  cost 
analysis  they  performed  for  Lawrence  Livermore  National  Laboratory 
regarding  large  scale  fabrication  of  2-D  arrays. 


It  is  also  worth  mentioning,  that  this  particular  technology  is  chang- 
very  rapidly.  For  example,  projection  regarding  performance  and  cost  of  1. 
diode  arrays  which  would  have  been  purely  speculative  about  a  year  ago, 
manufacturers  are  now  willing  to  submit  firm  quotations. 


The  activity  in  laser  diode  array  fabrication  is  mainly  due  to  a 
potentially  large  market  of  coherent  arrays  for  laser  printers  and  related 
applications  requiring  high  power.  Incoherent  arrays  are  a  spin-off  of  th* 
activity  and  the  prime  motivation  for  companies  to  invest  in  this  area  ster 
from  several  large  military  programs.  Also  a  contribution  to  this  activit: 
the  realization  by  several  manufacturers  that  industrial  applications  coul< 
eventually  become  large  enough  to  absorb  a  large  production  quantity  of  la: 
diode  arrays.  However,  a  market  driver  for  cost  reduction  of  incoherent 
drivers  has  not  been  clerrly  identified  yet. 
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Laser  diode  pumped  solid  state  lasers  could  replace  lamp  pumped  systems 
in  applications  where  the  size  of  the  system,  efficiency,  or  maintenance  time 
and  expenses  are  important  enough  to  outweigh  the  higher  investment  cost. 

The  history  of  the  semiconductor  industry  gives  some  reason  to  hope  that 
prices  will  drop  even  more  rapidly  than  projected.  There  is  a  certain 
analogy  between  the  transistor  and  integrated  circuits  and  single  laser  diodes 
and  multi  stripe  arrays.  In  the  past,  individual  diodes  were  mounted  on  a  heat 
sink  and  connected  electrically.  Now  up  to  several  hundred  stripes  can  be 
produced  on  one  bar.  Each  stripe  is  more  powerful  than  an  individual  diode 
about  10  years  ago.  The  ultimate  limit  is  about  1000  stripes  per  bar.  For 
example  Spectra  Diode  Laboratory  producd  a  1000  stripe  linear  array  with  an 
output  of  25  watts.  The  power  increased  about  1000  fold,  and  the  cost  came 
down  by  about  the  same  factor  over  a  10  year  span. 

2.3.1  Single  Devices 

Single  laser  diodes  employed  in  compact  disk  players,  printers  and 
memories  are  mass  produced  at  a  rate  of  approximately  six  milllop  units  a  year 
by  Japanese  manufacturers  such  as  Sharp  Electric  Company,  Mitsubishi  and  Sony 
Corporation.  These  AlGaAs  laser  diodes  emit  at  780  nanometers  and  have  output 
powers  between  five  and  ten  nW.  The  devices  have  been  made  by  the  liquid- 
phase  epitaxial  method  so  far,  but  the  Japanese  industry  is  switching  over  to 
MOCVD  in  order  to  get  higher  yield  and  better  quality  control. 

The  price  for  these  diodes  is  about  $8.00  per  unit.  This  price  clearly 
demonstrates  the  economy  of  scale  which  can  be  achieved  at  large  production 
runs. 


In  contrast  to  these  m.iss  produced  units  are  long  wavelength  emitters  for 
telecommunications  which  lase  at  1300  nm.  Production  quantities  are  in  the 
few  thousands  and  the  price  is  $800.00.  Industry  sources  indicated  that  if 
the  demand  for  communication  devices  equaled  that  of  compact  disk  players,  the 
price  would  become  similar  to  that  of  the  AlGaAs  diodes. 
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Two  companies,  Spectra  Diode  Laboratories  and  Siemens,  provided  cost 
and  quotations  for  production  runs  up  to  10,000  units.  Also  both  companie 
gave  preliminary  cost  figures  for  larger  production  quantities. 

Spectra  Diode  Lab/2SW  Array 

This  array  is  mounted  on  a  one  cm  long  bar.  Output  peak  power  is  25 
for  a  pulse  width  of  150 ^sec.  The  maximum  repetition  rate,  limited  by 
thermal  dissipation,  is  50  Hz.  Therefore  the  device  has  an  average  power 
capability  of  200  mW.  As  a  result  of  an  individual  contract,  SDL  built  on 
device  at  an  original  cost  of  $50,000.  The  device  is  offered  for  sale  no^^ 
$12,000  in  quantities  of  at  least  10  units.  In  production  quantities  of  a 
least  10,000  units  the  cost  will  be  around  $500.00  and  at  production  rates 
100,000  units  the  cost  is  expected  to  decrease  to  $200.00.  Produced  in  th 
millions  the  cost  could  become  as  low  as  $50.00.  At  that  level,  the  total 
materials  cost  and  the  cost  of  the  mount  becomes  a  significant  part  of  the 
final  price.  Personnel  from  SOL  estimated  that  the  breakdown  is  on  the  or 
of  $20  for  the  mount  and  $30  for  the  device.  The  relatively  high  cost  of 
mount  stems  from  the  material  cost  and  high  fabrication  cost  due  to  the 
toxicity  of  the  materials.  In  order  to  match  the  thermal  expansion  coeffi 
cient,  the  bars  are  mounted  on  one  cm  by  one  cm  and  250 ^um  thick  BeO  heat 
sinks. 

Siemens 

The  company  is  offering  on  a  commercial  basis  a  5W  linear  array  made 
from  180  stripes.  Each  stripe  is  300|iim  long  and  15 /um  wide.  The  stripes 
grouped  in  modules  of  36  stripes.  Five  modules  comprise  a  one  cm  long  bar 
The  linear  array  sells  for  approximately  $3,000  in  quantities  up  to  10  uni 
At  a  production  quantity  of  10,000  units,  this  price  drops  to  $300.  Abovt 
that  number,  Siemens  personnel  indicated  that  for  every  10  fold  increase  ^ 
production  the  price  will  drop  a  factor  of  two. 
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2.3.3  Two-Dimensional  Arrays 


Two-dimensional  arrays  are  currently  fabricated  only  by  McDonnell 

2 

Douglas.  Their  standard  module  is  0.5  cm  made  from  one  cm  wide  bars.  Output 
power  from  one  array  is  between  450  W  and  475  W.  Several  arrays  were  made 
available  to  a  number  of  Government  Laboratories  at  a  single  unit  cost  of 
about  $250,000. 

‘  Spectra  Diode  Laboratory  is  very  much  interested  in  entering  the  field  of 
2-D  stacked  array  production.  The  company  performed  a  cost  analysis  which 
relates  the  selling  price  of  these  units  to  the  quantities  produced.  The  cost 
analysis  was  derived  by  a  careful  evaluation  of  all  the  steps  necessary  to 
make  these  arrays.  A  large  number  of  steps  is  involved  in  the  manufacturing 
process  of  2-D  arrays.  These  steps  include  wafer  fabrication,  generation  of 
stripe  patterns,  metallization  of  contacts,  wafer  separation,  application  of 
dielectric  coatings,  soldering  of  bars  to  mounting  plates  and  stacking  of  the 
arrays . 

The  result  of  SDL's  cost  projections  show,  that  a  one  cm^  array  producing 
one  kW  of  peak  power  in  a  200  /isec  pulse  can  be  built  for  $125,000,  at  a 
production  quantity  of  25  units.  For  100  and  500  units,  the  price  drops  to 
$62,000  and  $22,000,  respectively. 

The  most  labor  intensive  processes  are  bar  fabrication  and  linear  array 
assembly.  Cost  reduction  through  manufacturing  engineering  to  improve 
productivity  and  yield.  It  was  felt  by  SDL  personnel,  could  drop  the  price  to 
$13,500. 

After  having  made  these  improvements  in  yield,  productivity  and  materials 
savings,  economies  of  scale  will  decrease  the  price  to  $7,500  if  the  produc¬ 
tion  is  increased  to  5,000  units. 

A  larger  production  quantity  than  that  would  require  an  automated,  high 
volume  production.  This  would  require  a  MOCVD  growth  station  with  large 
reactors,  large  wafer  (3-4"  diameter)  fabrication  and  photolithography 
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kW  array  at  very  high  volumes  (around  one  million)  could  be  as  low  as  jlC 
2.3.4  Conclusion 

We  can  graphically  present  the  data  base  discussed  In  the  previous 
section.  Figures  2-18  and  2-19  show  the  price-volume  relationship  for  V 
and  2-0  arrays,  respectively. 

Several  general  conclusions  can  be  drawn  from  the  data: 

The  cost  of  laser  diodes  Is  very  sensitive  to  production  quantities 

cost  will  come  down  dramatically  with  Increased  production.  Current  fabt 

2 

tion  quantities  of  5  W  and  25  W  linear  arrays  and  1  kW/cm  2-D  arrays  an 
even  In  the  pilot  production  phase.  Less  than  10  units  of  each  type  hav( 
fabricated  to  date.  The  current  production  rate  of  these  units  represen* 
far  left  hand  corner  of  Figure  2-18  and  Figure  2-19.  There  are  no  linned- 
Identifiable  market  needs  such  as  existed  for  single  diodes,  used  In  disl 
players,  laser  printers,  etc.,  which  would  Indicate  that  the  devices  wil 
produced  In  very  large  quantities  In  the  foreseeable  future.  Therefore 
unlikely  that  we  will  see  a.  production  which  will  drive  the  price  to  the 
numbers  shown  on  the  right  hand  corner  of  the  graphs.  The  low  cost  f1gu’ 
for  these  high  production  quantities  are  believable.  In  FIBERTEK,  Inc.'s 
opinion  if  one  takes  as  an  example  the  cost  of  $8.00  for  mass  produced  1. 
diodes.  The  major  cost  elements  of  a  laser  diode  are  the  fabrication  an' 
testing  of  the  chip,  and  the  cost  of  heat  sinking  and  mounting.  At  the  ■ 
high  production  level  the  cost  Is  almost  shared  between  chip  fabrication 
mounting  cost. 

Therefore,  the  $8.00  device,  although  of  low  power,  has  a  substantl. 
amount  of  ^Ixed  costs  such  as  wafer  fabrication,  testing,  heat  sinking  ai 
mounting.  There  Is  no  reason  why  a  multi -stripe  device  should  cost  subs 
tially  more  than  the  single  stripe  device  If  built  at  the  same  quantitle: 
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relationship  between  price  an 
rays  (data  supplied  by  Siemens 


Production  of  2-D  Arrays  Per  Year 


In  a  fully  automated  production  facility,  the  cost  of  linear  arrays 
should  be  only  weakly  dependent  on  the  number  of  stripes.  The  labor  to 
produce  one  unit  and  the  material  cost  will  be  essentially  the  same,  clearly 
the  yield  will  be  lower  and  have  an  impact  on  price.  Therefore,  the  ultimate 
goal  of  producing  devices  with  1  watt  output  power  for  around  $10.00  is  not 
unrealistic,  provided  a  market  can  be  found  to  warrant  such  large  quantities. 
If  the  pump  source  of  solid  state  laser  drivers  for  inertial  confinement 
.fusion,  is  switched  from  flashlamps  to  laser  diode  arrays,  then  such  a  market 
will  be  created.  These  pump  devices  would  improve  the  performance  of  systems 
like  NOVA  in  several  ways;  achievement  of  much  higher  overall  efficiency;  far 
less  heating  of  the  laser  therefore  high  repetition  rate  operation  would  be 
possible,  and  due  to  the  absence  of  high  voltage  lines  the  system  would  have 
much  more  benign  operating  parameters.  Given  the  current  funding  situation 
for  inertial  confinement  fusion,  it  is  unlikely  that  such  a  project  costing 
probably  200  MS  could  be  launched. 

Lacking  a  real  need  for  mass  production  of  linear  or  2-D  incoherent 
arrays,  our  predictions  are  as  follows:  As  a  result  of  Government  funding  and 
some  interest  from  private  industry,  high  power  linear  arrays  and  2-0  arrays 
will  probably  be  built  by  the  hundreds,  or  possibly  on  the  order  of  few 
thousands  as  far  as  linear  arrays  are  concerned.  Military  applications 
clearly  include  space  applications  such  as  submarine  communications,  space 
surveillance,  etc.,  and  also  medium  power  lasers  either  airborne  or  ground 
based  where  size  and  power  consumption  are  of  prime  concern. 

In  the  near  term,  more  commercial  lasers  will  appear  in  the  low  to  medium 
average  power  range  pumped  by  laser  diodes.  Particularly  for  certain  medical 
applications  where  overall  size,  benign  operating  features,  and  low  mainten¬ 
ance  of  the  laser  are  critical.  For  high  average  power  lasers,  more  than  10 
to  20  watts,  the  cost  of  the  pump  source  will  be  prohibitive  during  the  next 
three  years. 

In  order  to  put  the  array  cost  in  proper  perspective  as  will  calculate 
the  cost  of  a  complete  pump  system  for  two  typical  NdrYAG  lasers.  The  first 
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i ndustry . 


Target  Designator 

A  typical  system  produces  150  mj  at  a  repetition  rate  of  20  ppsec. 
Flashlamp  Input  Is  12  Joules  In  a  200  |Usec  pulse.  Average  output  power 
and  the  electrical  Input  Is  about  300  W  (If  we  account  for  power  supply 
efficiency  and  cooler  requirements). 

For  the  laser  diode  array  we  will  assume  a  conversion  efficiency  of 
0-switched  laser  output  to  pump  radiation  28  percent,  consistent  with  da 
obtained  from  McDonnell  Douglas.  Therefore  150  iivJ/0.28  •  535  mJ  energy 
pulse  is  required  from  the  array.  This  translates  into  2.2  kW  pump  powe 
200  iisec  long  pulse.  At  the  price  of  arrays  estimated,  at  the  500  unit 
year  level,  a  laser  diode  array  pump  source  for  such  a  system  would  cost 
J22,000  X  2.7  ■  $59,400.  Adding  the  cost  for  power  supply  and  tempera tu 
controller  the  complete  pump  system  will  be  about  $65,000.  The  cost  of 
flashlamp  system  including  the  lamp,  militarized  power  supply,  and  trigg 
unit  is  about  one  tenth  of  that  amount. 

In  this  application  the  advantage  of  a  diode  pumped  NdrYAG  laser  do 
outweigh  the  cost  difference.  Military  lasers  are  operated  only  intermi 
tantly,  therefore  the  long  lifetime  of  the  array  is  not  of  primary  conce 
such  as  is  for  example  in  a  space  based  laser.  Flashlamps  in  target  des 
tors  have  an  operating  life  of  approximately  10^  shots  which  is  consider 
adequate  for  most  situations.  In  our  opinion,  the  production  of  2-D  arr 
would  have  to  be  much  higher  i.e.  on  the  order  of  10,000  units  per  year 
the  price  could  come  down  to  a  level  where  the  system  can  effectively  co 
in  the  military  rangefinder  and  target  designator  and  target  marker  area 

Commercial  CW  Pumped  NDcYAG  Laser 

A  medium  power  NdrYAG  laser,  which  is  cw  pumped  and  repetitively 
0-switched  will  be  considered.  Such  a  laser,  used  extensively  for  resis 
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trimming.  Si  scribing,  etching,  drilling,  cutting,  etc.,  typically  has  50  W 
multimode  output  and  about  8  W  "TEMqq* 

The  system  is  pumped  by  a  single  krypton  arc  lamp  with  an  input  of  2  W. 
Overall  plug  efficiency  in  multimode  operation  is  therefore  2.5  percent,  and 
0.4  percent  for  TEMqq  mode  operation. 

•  Now  we  replace  the  krypton  arc  lamp  with  a  number  of  linear  arrays.  We 
select  linear  arrays  rather  than  a  2-0  array  because  one  has  to  remove  the 
heat  from  the  pump  source.  A  2-0  array  is  capable  of  high  peak  power  but  is 
very  limited  in  average  power. 

We  assume  an  output  of  100  W  from  the  arrays  which  should  produce  28  W 
multimode  output.  This  pump  power  can  be  generated  by  20  linear  arrays  made 
by  Siemens.  Each  array,  if  mounted  to  a  proper  heat  sink  is  capable  of  5  W  CW 
output.  Because  of  the  drastically  reduced  thermal  loading  of  the  laser  rod 
as  a  result  of  diode  pumping,  thermal  lensing,  and  birefringence  will  be 
reduced  also.  Therefore  we  can  expect  a  larger  fraction  of  multimode  beam 
power  can  be  utilized  in  TEMqq  operations.  According  to  our  estimates  this 
laser  should  produce  8  W  TEMqq  power  also.  Assuming  a  25  percent  conversion 
efficiency  of  the  diodes  the  system  electrical  input  is  400  W. 

The  cost  for  the  laser  diode  pump  source  is  approximately  $20,000  if  we 
take  a  cost  at  the  500  unit  per  year  production  level.  The  price  for  a 
krypton  arc  lamp  and  power  supply  is  about  $2500.  Despite  this  large  differ¬ 
ence  in  initial  equipment  cost,  in  this  case  the  economics  is  much  more 
favorable  towards  the  diode  system. 

These  Nd:YA6  systems  are  used  one  or  two  shifts  a  day  and  operating  and 
maintenance  costs  are  an  important  consideration  of  the  total  investment.  We 
assume  a  five  year  life  of  the  system  i.e.  10,000  hours.  A  krypton  arc  lamp 
cost  $200  and  needs  replacement  every  200  hours.  Over  the  life  of  the  system, 
lamp  replacement  costs  will  be  $10,000.  The  cavity  reflector  needs  to  be 
refurbished  every  1000  hours  due  to  the  heat  and  the  UV  content  of  the  lamp, 
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1s  $500.  This  adds  another  $2500  to  the  maintenance  cost. 

In  addition  the  system  saves  on  electricity,  10,000  hours  x  1.6  kW  = 
16,000  kW.  At  a  price  of  0  cents/kW  this  amounts  to  $1280.  Considering 
time  of  the  system  and  labor  costs  to  perform  these  maintenance  operatlor 
the  higher  Investment  of  a  diode  pumped  system  are  offset  by  lower  opera- 
and  maintenance  costs.  This  calculation  assumes  that  the  laser  diode  an 
have  a  10,000  hour  lifetime.  This  number  Is  guaranteed  by  Siemens  for  tt 
arrays.  It  Is  conceivable,  that  a  diode  pumped  system,  whose  pump  cavit: 
purged  and  sealed  In  a  N2  atmosphere  to  protect  It  from  dust  and  dirt  in 
atmosphere  could  operate  maintenance  free  for  five  years. 

It  should  be  pointed  out,  that  In  reality  the  cost  figures  are  prob. 
even  more  favorable  for  the  cw  pumpeo  system,  than  the  ones  shown  above, 
likelihood  of  a  production  rate  of  500  linear  arrays  per  year  Is  so  much 
higher  than  a  production  of  500  planar  arrays  that  one  can  reason  as  fol 
It  takes  about  40  linear  arrays  to  fabricate  one  1  kW/cm^  planar  array, 
therefore  the  cost  of  a  planar  array  at  the  500  unit  per  year  level  shou 
compared  with  a  20,000  unit  per  year  production  of  linear  arrays.  In  th 
case,  we  obtain  from  Figure  2-18  a  cost  of  $50  per  watt  for  the  linear  a 
or  $5,000  for  the  complete  diode  pump  source  of  the  cw  laser.  At  this  c 
level,  the  diode  pump  can  clearly  compete  cost  wise  with  the  krypton  arc 
system. 

From  the  foregoing  discussion  we  can  conclude  that  with  regard  to  d 
pumping  of  Nd:YA6  lasers  no  technological  barriers  exist.  Fabrication 
techniques— although  on  a  very  labor  Inter- ^ve  basis— are  on  hand  to  des 
and  build  linear  and  2-0  arrays  suitable  for  pumping.  There  is  also  no 
question  that  laser  diode  pumping,  either  cw  or  pulsed.  Is  only  advantag 
from  a  performance  point  of  view. 
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The  use  of  laser  diodes  as  pump  sources  Is  purely  an  economical  question. 


•  Small  end  pump  Nd:YAG  lasers  utilizing  one  or  a  few  linear  arrays  are 
already  on  the  market.  They  are  economically  viable  because  these 
very  small  lasers  are  technically  unique  due  to  their  small  size,  and 
the  cost  of  one  or  several  small  arrays  is  tolerable. 

f  For  space  applications  of  solid  state  lasers,  2-D  laser  diode  arrays 
will  clearly  play  a  role.  The  cost  of  the  arrays  is  of  secondary 
importance  in  this  case,  due  to  the  overall  cost  of  satellite  based 
systems.  If  the  arrays  have  to  produce  high  average  powers  (several 
hundred  watts  per  cm  )  besides  high  peak  power  (IkW/cm^)  then  the 
issue  of  heat  extraction  from  densely  packaged  arrays  will  become  a 
technical  issue. 

a  In  order  to  progress  from  the  current  level  of  demonstrateo 
feasibility  to  high  volume  production  a  30  to  40  million  dollar 
Government  program  is  needed  to  create  the  initial  market.  This  would 
provide  enough  incentive  for  industry  to  implement  cost  reduction 
technologies,  increase  productivity  in  the  wafer  and  fabrication  and 
array  assembly  process.  At  the  end  of  this  Government  program,  the 
production  would  be  at  a  sufficiently  high  level  such  that  the  price 
of  these  arrays  could  become  a  viable  alternative  to  arc  lamp  pumped 
systems.  At  this  point,  the  conmercial  market  will  sustain  the 
production  level  and  bring  cost  down  even  farther. 

The  rationale  for  the  size  of  tne  Government  program  follows  from 
Figure  2-19.  For  example,  at  a  cost  of  S7/watt  probably  enough 
commercial  applications  will  open  up  to  maintain  a  production  level  of 
5,000  arrays  a  year.  In  order  to  get  to  this  cost  level,  an  initial 
market  of  35  million  dollars  worth  of  arrays  has  to  be  created. 

a  There  is  an  operating  regime,  such  as  5-10  W  cw  pumped  repetitively 
0-switched  Nd:YAG  lasers,  where  the  costs  are  at  least  within  reach, 
even  at  a  modest  production  rate  of  diode  arrays.  Therefore,  in  the 
absence  of  a  large  Government  cost  reduction  program,  several  cw 
pumped  Nd:YAG  lasers  utilizing  linear  arrays  will  probably  appear  on 
the  market. 

There  are  several  reasons  for  that:  It  is  much  more  likely  that  a 
larger  number  of  linear  arrays  will  be  fabricated  as  opposed  to  2-D 
arrays.  Linear  arrays  are  not  only  less  expensive  per  watt  of  output, 
they  are  also  simpler  to  mount  and  cool.  In  addition  several  domestic 
as  well  as  foreign  supplies  are  working  on  the  pertfcvCtion  of  linear 
arrays,  whereas  2-D  arrays  are  only  fabricated  by  McDonnell  Douglas  at 
present.  In  addition,  for  cw  applications  one  does  not  need  the  high 
power  density  of  2-D  arrays,  since  the  performance  is  limited  by  the 
heat  removal  capability  of  the  heat  sink. 
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Illlllllllllllll!  II' 


Figure  2-20  illustrates  the  fact  that  diode  arrays  are  most  economically 
utilized  in  cw  operation.  We  consider  a  laser  with  a  given  average  output 
power  of  100  W.  Since  laser  diodes  are  power  limited,  pulsed  operation 
requires  many  more  diodes  as  compared  to  cw  operations.  The  number  of  laser 
diode  arrays  required  is  proportional  to  the  output  energy  per  pulse.  This  is 
quite  different  from  flashlamp  pumped  systems,  whose  costs  are  almost  solely 
dependent  on  average  power,  and  vary  very  little  with  repetition  rate  and 
energy  power  pulse. 


thousand 


Figure  2.20  Array  Cost  vs.  Repetition  Rate 


Assumptions 


Laser  output:  100  W  average 
pump  efficiency:  337. 
array  cost*:  $10/W 
pulsewidth:  250  psec 


Pulsed 


2  X  10^  5  X  10^  10^  2  X  10^ 

pulses  per  second,  Hz 


5  X  10- 


SIO/W  is  based  on  a  production  qual 
ot  50,000  linear  arrays  per  year  (see  Fie  2 
At  low  repetition  rates  (below  500  Hz)  a  cost  o 
55/W  was  assumrd,  because  at  a  low  duty  cycle  t' 
diodes  can  be  operated  at  about  twice  their  cw 
output. 
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3.  LASER  CANDIDATES  (Task  2) 


Laser  diode  pumping  offers  the  possibility  to  use  crystals  other  than 
NdrYAG  for  the  laser  medium.  For  example,  the  laser  medium  could  be  selected 
for  better  energy  storage,  wavelength,  or  diode  absorption  and  for  more 
optimum  system  performance. 

In  Subsection  3.1  we  will  discuss  laser  materials  for  which  laser  diode 
pumping  has  already  been  demonstrated.  A  brief  summary  of  the  experimental 
results  will  be  presented,  as  well  as  comments  regarding  future  applications 
of  these  materials  will  be  given. 

In  Subsection  3.2  we  will  discuss  several  solid  state  laser  materials 
which  hve  spectroscopic  properties  which  may  make  them  suitable  candidates  for 
laser  diode  pumping. 

In  Subsection  3.3  a  number  of  laser  materials  will  be  discussed  which  are 
currently  the  subject  of  great  interest  but  are  not  likely  to  become 
candidates  for  diode  pumping. 

3.1  DEMONSTRATED  PERFORMANCE 

3.1.1  Nd;YAG 

Most  of  the  research  on  diode  pumped  solid  state  lasers  has  been  concen¬ 
trated  on  Nd:YAG.  The  popularity  of  this  material  stems  from  its  excellent 
optical  and  physical  properties  combined  with  high  gain,  excellent  crystal 
quality  and  a  pump  band  which  is  conveniently  located  at  the  peak  emission  of 
GaAlAs  laser  diodes.  Systems  have  been  built  recently,  ranging  from  an 

endpumped  Nd:YAG  fiber  with  50^  in  diameter  producing  a  few  milliwatts  of 
1 

output  power  ,  to  small  endpumped  Nd:YAG  slabs  generating  a  few  hundred  mW  of 

2 

power  ,  all  the  way  to  a  sidepumped  NdrYAG  slab  laser  with  100  mj  Q-switched 
output^ . 
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since  this  report  deals  mostly  with  Nd:YAG  as  the  lasing  medium  no 
further  elaboration  will  be  provided  in  this  section. 

3.1.2  Nd;YLF 

There  are  several  potential  advantages  of  using  Nd:YLF  as  opposed  t' 
Nd:YAG  in  laser  diode  pumped  systems.  Nd:YLF  has  a  fluorescence  lifetim* 
440  ^ec,  almost  twice  as  long  as  Nd:YAG.  This  means,  that  in  pulsed  sy 
to  obtain  equivalent  pulse  energy  to  Nd:YAG,  only  one  half  of  the  number 
laser  diode  arrays  are  required.  Nd:YLF  also  naturally  oscillates  polar- 
since  YLF  is  uniaxial  with  the  1.047  line,  the  high  gain  transition, 
property  is  attractive  for  Q-Switching  and  second  harmonic  generation  bei 
it  eliminates  the  need  for  polarizing  elements  in  the  cavity,  which  in  t: 
case  of  NdiYAG,  lead  to  optical  losses  as  a  result  of  thermally  induced 
birefringence. 

A  spectral  absorption  curve  of  Nd:YLF  for  the  region  of  interest  is 
in  Figure  3-1.  As  can  be  seen  from  this  data,  Nd:YLF  is  very  compatible 
diode  Dumping  due  to  an  absorption  peak  at  792  nm. 

Figure  3-2  shows  the  absorption  spectrum  for  a  and :;r -polarization  o 

NdrLiYF^  over  a  wider  spectral  region.  The  strongest  absorption  occurs 

4  4  4  4  4-4 

near  infrared  in  the  groups  I9/2  '  ^5/2’  ^9/2’  ^9/^  '  ^nlV  ^3 

which  are  responsible  for  over  50  percent  of  the  total  absorption.  ;^d:Y 
offers  a  reduction  in  thermal  lensing  and  birefringence  combined  with  im 
energy  storage  relative  to  NdrYAG.  However,  gain  is  lower  and  the  therm 
properties  of  YLF  are  not  as  good  as  YAG. 

Laser  diode  pumping  of  Nd:YLF  lasers  has  been  demonstrated  at  1.047 
and  1.053  /im,  with  less  than  1  mW  threshold  and  internal  quantum  efficie 
approach-fng  70  percent^.  Intracavity  second-harmonic  generation  using 
Mg0:L1Nb02,  has  generated  up  to  145  uW  output  at  523.6  nm  for  30.1  mW  of 
laser  pump  power. 
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Figure  3.2 


Absorption  spectrum  for 
LiYF4  with  2.2  at  %  Nd 
(From  A.L.  Harmen  et  al 
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The  pump  source  was  a  single  stripe  diode  laser  with  30  mW  of  output 
power  at  791  nm,  which  is  the  oeak  of  the  absorption  in  the  rr-polarization  of 
Nd:YLF.  The  output  from  the  diode  laser  ./es  focused  into  the  crystal  in  an 
end-pumped  geometry  with  a  microscope  objective. 

A  typical  NdrYLF  sample  was  4  mm  long  and  3  nm  in  diameter  with  the  end 
faces  having  1.8  cm  radii  of  curvature.  One  end  face  was  a  coated  high 
reflector  at  1.05  atm,  and  the  other  was  0.3  percent  transmitting  at  1.05  urn 
and  high  reflecing  at  810  nm  which  is  near  the  pump  wavelength. 

A  laser  diode  pumped  Nd:YLF  laser  is  one  of  the  prime  contenders  of  the 
Navy  Blue  Program  aimed  at  demonstrating  100  mj  output  at  455.5  nm.  This 
wavelength  can  be  achieved  by  tripling  one  of  the  satellite  laser  lines 
located  at  1.3665 /um.  Figures  3-3  and  3-4  show  the  Nd:YLF  emission  spectrum 
and  the  stimulated  emission  cross-section,  respectively. 

3.1.3  Nd;Glass 

With  regard  to  laser  diode  pumping,  Nd: glass  has  one  desirable  attribute, 
namely  a  broad  absorption  band.  (See  Figure  3-5).  This  makes  the  dijde  wave¬ 
length  requirements  less  stringent.  On  the  other  hand,  Nd:glass  has  a  much 
lower  gain  than  Nd:YA6,  therefore,  hi-gher  pump  fluxes  are  required  are  effi¬ 
cient  operation.  This  clearly  represents  a  problem  due  to  the  power  limita¬ 
tion  of  laser  diode  arrays.  Although  lasing  action  can  be  achieved  in 
Nd:glass  with  laser  diode  pumping,  as  will  be  described  below,  we  do  not 
think,  that  the  material  is  suitable  for  practical  devices.  With  the  modest 
pump  fluxes  available  from  laser  diode  arrays,  the  system  cannot  be  pumped 
high  enough  above  threshold,  and  as  a  result  optical  losses  in  the  resonator 
will  dominate  and  prevent  high  efficiency  operation.  Researchers  at  Stanford 
did  build  a  small  diode  pumped  Ndrglass  laser  recently  .  The  laser  consisted 
of  a  5  mm  long  piece  of  LHG-8  with  3  percent  doping.  To  ensure  low  cavity 
losses,  the  coatings  were  applied  to  the  polished  piece  of  glass.  One  end  was 
polished  flat  and  coated  with  a  HR  at  1.06 yum  and  HT  at  0.81  urn.  The  other 
end  was  polished  to  a  1.6  cm  radius  and  coated  99  percent  R  at  1.06  urn. 
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Figure  3.4a  Stimulated  emission  cross  section  of  Nd;YLF  around  1.05 


Figure  J .  5 


Absorption  coefficient  in  LHG-8  3%  Nd(A) 
and  Nd:YAG(b) 

(Kozlovsky  et  al.,  CLEO  Conf.  1986,  Paper 
WG4,  P.  169  Technical  Digest) 
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Diode  pumping  with  a  high-power  multi  stripe  diode  laser  showed  a  thresholi 
the  Nd: glass  oscillator  of  16  mW  absorbed  power  and  a  slope  efficiency  of 
percent. 

3.1.4  HoiErTmYAG 

A  holmium  dopea  host  has  several  interesting  properties.  The  laser 
provides  a  different  wavelength  than  those  achievable  with  the  Nd  and  the 
fluorescence  lifetime  is  very  long,  on  the  order  of  10  msec,  which  is  ide. 
time  as  far  as  pumping  with  diodes  is  concerned.  Unfortunately  HorErTraYA' 
to  be  cooled  to  liquid  nitrogen  temperature  for  . laser  action  to  occur. 
Researchers  from  NRC  have  recently  demonstrated  a  diode  array  pumped  holm 
laser. 

5  5 

Laser  action  was  observed  on  the  trivalent  holmium  to  Ig,  2.1  ai 
transition.  Laser  action  was  achieved  w’th  a  10  mm  length  YAG  rod  sensit 
with  60  percent  Er  and  3  percent  Tm  in  addition  to  the  2  percent  Ho  activ 
concentration.  A  2.1  urn  high  reflectance  coating  transmitting  at  785  nm  ■ 
placed  on  the  flat  surface  and  a  99.5  percent  reflector  at  2. 0-2.1  am  was 
coated  onto  the  curved  surface  of  the  rod.  The  sample  was  cooled  to  77K 
end  pumped  with  a  100  mW  cw  laser  diode  array  (Figure  3-6).  The  tempera! 
of  the  diode  was  adjusted  so  that  the  diode  wavelength  was  centered  at 

785.5  nm. 

The  YAG  resonator  which  is  formed  by  the  coated  laser  rod  ends  had  a 
fundamental  spatial  mode  beam  waist  diameter  of  115 um.  The  lasing  thres 
occurred  at  4.0  mW  of  incident  pump  power.  With  the  diode  operating  at  1 
a  total  of  34  mW  was  delivered  to  the  sample.  At  this  pump  power  5.6  mW 
emission  was  obtained  at  2.1  fim. 

3+  5  5 

The  gain  of  the  Ho  transition  from  I-  to  Ij.  at  2.1  um  is  high,  a 

^  3+®  3*^ 

significantly  enhanced  by  energy  transfer  from  Er  and  Tm 

The  holmium  laser  holds  the  prospect  of  room  temperature  operation. 
Ouczynski  et  a*^  reported  on  efficient  energy  transfer  from  Cr  ->  Tm  with 
subsequent  transfer  of  Tm  *>  Ho. 
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Figure  ^.6  Schematic  diagram  of  laser  pumped  Ho;YAC  laser  with  end  pumped  geometry 


Due  to  the  broadband  emission  of  Cr^'*’,  the  sensitizer  effect  is  not  or 
restricted  to  Nd^"^;  for  example  Tm^"^  can  be  pumped  via  Cr^'*’  with  a  quantum 
efficiency  near  unity. 

3+4  4 

The  excellent  overlap  between  the  Cr  (  Ti,  ->  A,)  emission  and  the 

3+33  ^  ^ 

Tm  {  He  ->  F^)  absorption  yields  an  efficient  resonant  Cr-Tm  transfer 

0^  3+  20  -3  3+ 

system.  At  high  Tm  concentrations  (8  x  10  cm  )  the  Tm  ion  converts  • 

energy  down  to  the  IR  region  with  a  quantum  efficiency  of  nearly  2.  The 

reason  for  this  is  the  cross  relaxation  process  Tm^"*^  ->  Tm^‘''(^H^ 

between  adjacent  ions. 

Cr,  Tm  sensitized  garnets  were  employed  in  these  experiments,  which 
demonstrated  2  urn  cw  laser  action  at  room  temperature. 

Yttrium-scandium-gallium  garnet  (YSGG)  and  yttrium-scandium-aluminum 
garnet  (YSAG)  have  been  doped  with  Cr^‘’‘(2.5x  lO^^cm"^),  Tm^’*’  (8  x  lO^^cm"^ 
and  Ho^"^  (5  x  lO^^cm”^),  Scandium  was  chosen  to  create  the  low  crystal  fie 
strength  for  Cr^'*’.  Yttrium  matches  well  for  the  ionic  radii  of  Tm^'*’  and  H( 

The  crystals  were  placed  Into  a  concentric  cavity  formed  by  two  5-cm 
radius  mirrors  having  reflectivities  of  98  percent  at  2.08  ;um.  The  crysta 
were  pumped  longitudinally  with  a  krypton  laser  beam  at  647.1  nm.  For  bot 
crystals  Cr,  Tm,  Ho: YSGG  and  Cr,  Tm,  Ho: YSAG  true  cw  operation  was  obtaine 

Threshold  was  about  25  mW  of  absorbed  pump  power  and  the  power  slope 
efficiency  is  13  percent.  Since  the  lifetime  of  the  upper  Ho^”*”  of  the  upp 
Ho^^  laser  state  is  approximately  10  ms,  diode  pumping  should  be  possi 

Unfortunately  we  did  not  have  a  detailed  absorption  spectrum  to  ascer 
that  the  absorption  bands  are  in  the  wavelength  regime  suitable  for  diode 
pumping.  Since  the  absorption  spectrum  will  be  dominated  by  Cr^'*’,  we  can 
obtain  a  rough  estimate  from  the  data  presented  in  Figure  3-7.  It  shows  t 
transmission  spectrum  of  Cr^^:GdScGa  garnet.  From  these  data  follows  that 
pump  wavelength  would  have  to  be  rather  short  for  GaAlAs,  namely  in  the 
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Transmission  spectrum  of  the  Cr^'*' ; GdScGa-garnec 
laser  rod  (1-7  mm) 


neighborhood  of  700  to  750  nm.  Even  at  these  wavelength  absorption  is  not 
very  strong,  therefore  only  endpumped  configurations  with  a  long  absorptic 
path  are  feasible. 

3.2  POTENTIAL  NEW  MATERIALS 

There  are  continuing  efforts  to  find  other  laser  materials  which  woul 
retain  the  advantages  of  Nd:YAG  as  to  performance  without  showing  some  of 
disadvantages  for  diode  pumping,  such  as  a  short  upper  state  lifetime  and 
weak  and  relatively  narrow  absorption  line  around  800  nm. 

The  requirements  of  the  laser  material  employed  for  laser  diode  pump' 
is  somewhat  different  than  with  flashlamp  excitation:  First,  the  fluoresc 
lifetime  of  the  upper  laser  level  should  be  long  in  order  to  integrate  the 
limited  peak  power  from  the  laser  diode. 

Second,  the  laser  material  should  have  a  strong  absorption  line  betwt 
780  and  900  nm,  which  is  the  emission  range  for  GalAs  diodes. 

It  will  be  at  least  five  to  ten  years,  before  powerful  laser  diode  at 
will  become  available  at  other  wavelengths.  Also,  doubling  of  the  GaAlAs 
diode  output  with  KTP  or  organic  nonlinear  materials  for  the  purpose  of 
pumping  solid  state  lasers  is  not  practical  either  at  the  present  time. 

Third,  in  contrast  to  flashlamp  pumped  systems,  the  absorption  band  r 
only  be  a  few  hundred  angstromr  wide  for  diode  pumped  systems.  Actually, 
line  that  wide  would  permit  diode  operation  over  a  wide  temperature  range 
However,  this  would  be  totally  inadequate  for  absorption  of  blackbody 
radiation. 

In  addition  to  finding  materials  with  better  properties  than  Nd:YAG, 
there  is,  of  course,  the  desire  to  find  materials  which  are  not  necessari* 
better  than  Nd:YAG,  but  provide  laser  emission  at  different  wavelengths. 


3-14 


The  transfer  lasers,  dual -doped  with  chromium  on  the  one  hand  and 
thulium,  neodymium  or  hoi  mi  urn  on  the  other,  represent  efforts  to  maximize 
pumping  efficiency  for  flashlamp  pumped  lasers.  Similar  efforts  could  lead  to 
a  material  optimized  for  laser  diode  pumping.  Also  it  is  our  hope,  that  laser 
materials  will  be  rediscovered  which  have  been  previously  discarded  because 
the  pump  bands  were  either  too  narrow  or  did  not  match  flashlamp  spectral 
outputs.  As  far  as  currently  known  candidates  are  concerned,  the  already 
mentioned  Nd:YLF  is  in  our  opinion  an  excellent  alternative  which  may  even 
surpass  Nd:YAD.  Other  promising  materials  which  will  be  described  here 
included  Nd:NaYf,  HorYLF,  NdrLuLAGG,  and  NdrYALO. 

3.2.1  NdiNaYF 

A  potential  candidate  for  laser  diode  pumping  is  Nd^”*^:NaQ  ^Yq  gF^  2 
studied  recently  by  Jenssen  et  al®  at  MIT.  The  crystal  has  an  upper  state 
lifetime  of  900 usee.  In  addition,  the  emission  is  relatively  broad  and  the 
laser  emission  can  therefore  be  tuned  both  in  the  1.05/um  and  the  1.30^ 
regions.  Laser  action  has  previously  been  reported  In  this  crystal  by 
Kamlnskll  et  al 

Figure  3-8  shows  the  normalized  emission  spectrum  of  this  material.  The 
4  4 

F,,,  ->  1,1/9  transitions  are  broadened  to  a  band  between  1.035 urn  and 

1.075  /im.  The  F2^2  ^3/2  ^'’^'’sitlon  forms  a  band  between  1.30  um  and 

1.38  urn.  These  relatively  broad  emission  bands  indicate  that  the  laser 
emissions  may  be  tunable  over  a  reasonably  wide  range. 

The  fluorescence  lifetime  of  the  ^^2/2  material  is 

about  900  us,  which  is  considerably  longer  than  In  YAG  (230  us)  and  LIYF^ 

{440  usec).  Thus,  this  host  material  is  preferred  in  applications  requiring 
high  energy  storage. 

Room  temperature  cw  laser  emission  in  the  1.05  um  wavelength  region  was 
obtained  by  pumping  with  an  argon  laser  (514.4  nm  line).  The  pumped  volume  of 
the  crystal  was  approximately  160  um  in  diameter  and  8  mm  in  length  in  a  quasi 
concentric  resonator  of  20  cm  length.  (The  absorption  coefficient  at  the  pump 
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Figure  3*8  Emission  spectrum  of  Nd:  NaQ  ^Yq  gF^  2* 
Excitation  wavelength  is  514. Snm. 

(Ref.  Chou  ot  al ,  Proceedings  Tunable  Colxu  State 

Zia  Zag,  Oregon,  June  '!-6,  1936,  ?.  153) 
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wavelength  is  0.15  The  output  power  in  this  free  running  mode  with  no 

tuning  element  is  plotted  in  Figure  3-9  as  a  function  of  absorbed  pump  power. 

Only  a  closer  examination  of  the  detailed  spectroscopic  data  showing  the 
Nd  absorption  line  around  800  nm,  and  data  on  the  stimulated  emission  cross- 
section,  quantum  efficiency  etc.,  will  reveal  the  full  potential  of  this 
material . 

3.2.2  Nd;LNA 

The  discovery  of  laser  emission  in  hexagonal  lanthanum  neodymium  hexa- 
aluminate  (La^^j^Nd^MgAl ^^O^g)  by  a  French  group^^  has  generated  considerable 
interest  for  this  material  as  a  new,  high  power  solid  state  laser. 

Among  the  advantages  of  LNA  is  the  ability  to  achieve  a  high  neodymium 

20  -3 

content  more  than  six  time  greater  than  Nd  in  YAG  (7  x  10  ions  cm  )  without 
severe  concentration  quenching  of  the  fluorescence  of  strong  segregation  of 
the  doping  ion  along  the  laser  rod. 

The  earlier  laser  work  demonstrated  that  an  LNA  laser  has  an  efficiency 
and  threshold  comparable  to  Nd:YAG.  The  broad  fluorescence  spectrum  from  the 
^^3/2  ^^11/2  suggests  the  possibility  of 

obtaining  efficient  CW  tunable  emission  over  a  substantial  wavelength  range  in 
a  region  of  the  spectrum  that  is  generally  devoid  of  tunable  sources. 

The  fluorescence  spectrum  of  Nd  in  LNA  is  shown  in  Figure  3-lOa. 

The  fluorescence  shows  two  broad,  principal  peaks  centered  at  1054  and 
1082  nm.  The  full  widths  at  half  height  of  the  two  peaks  are  44  and  74  A, 
respectively.  For  the  purposes  of  comparison,  the  fluorescence  spectrum 
obtained  under  identical  conditions  from  Nd  in  YAG  is  shown  in  Figure  3-lOb. 
Fluorescence  widths  in  YAG  are  typically  6A.  The  broad  width  of  the  LNA 
curve,  as  compared  to  the  YAG  one,  results  from  the  fact  that  there  are  three 
different  fluorescing  sites  in  the  LNA  lattice,  each  of  them  is  submitted  to  a 
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Figure . 10 (a)  Fluorescence  spectra  of  Nd  in  LNA  (above)  and  YAG  (below) 

excited  at  752  nin. 

( From  Ref.  11 ) 


Figure  _2. 10(b) 

Unpolarized  absorption  spectrum  of  LNA 


(From  Ref. 
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slightly  different  crystal Kgraphic  field  due  to  the  different  ion  enviro 
trent.  The  relative  widths  of  the  two  sets  of  fluorescence  data  illustrat 
wider  tuning  range  one  might  expect  from  the  Nd  in  LNA  as  compared  to  YAG 

Lejus  et  al^^  have  studied  the  laser  performance  of  several  LNA  crys 
of  0.5  jUm  diameter  and  AR  coated  on  their  two  parallel,  polished  faces, 
samples  were  pumped  with  a  Kr  laser  at  752  nm.  About  0.4  U  of  output  wer 
obtained  for  1.9W  input  as  shown  in  Figure  3-11.  With  very  careful  align 
500  mW  was  achieved  which  corresponds  to  a  conversion  efficiency  of  26  pe 
for  the  power  or  to  a  quantum  efficiency  of  36  percent.  Tuning  curves  fc 
are  shown  in  Figure  3-12. 

LNA  appears  to  be  an  excellent  CW  laser  crystal  with  an  efficiency 
comparable  to  that  YAG  when  pumped  by  another  laser.  The  large  conversic 
efficiency  (26  percent)  with  IR  pumping  in  conjunction  with  its  rather  br 
tuning  range  in  the  I /urn  region  makes  it  an  attractive  material  for  laser 
diode  pumping.  The  present  results  with  IR  pumping  from  a  Kr  laser  are 
encouraging  in  that  respect. 

The  optical  properties  of  LaNdMg  hexa-aluminate  make  it  a  promising 
material  to  be  used  as  a  diode  pumped  laser  medium.  Compared  to  Nd:YAG, 
has  broader  absorption  bands  around  800  nm,  a  longer  fluorescent  lifetime 
{320jUsec)  higher  Nd  concentration,  and  about  the  same  thermal  conduct! vi 
and  a  gain  which  is  about  a  factor  2  lower.  Table  3-1  illustrates  the  n 
tionship  between  lifetime  of  the  ^^2/Z  state  and  Nd  concentratior 

Clearly,  for  diode  pumping  the  Nd:  concentration  cannot  be  higher  i 
10  percent,  otherwise  the  fluorescence  lifetime  becomes  too  short. 

3.2.3  Nd:YAL0 

YAIO3  and  YjAlgOj^  derived  from  the  Y2O2  -  Al^O^  s: 

the  former  is  the  1:1  compound  or  perovskite  phase,  the  latter  is  the  3:1 
compound  or  garnet  phase.  Many  of  the  physical  properties  of  these  two 
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Output  power  of  the  LNA  laser  as  a  function  of  ths  Ar  laser  pump  power. 
( From  Ref .  11 ) 
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Figure  ^.12 

Turning  curves  of  the  LNA  laser 
( From  Ref.  11 ) 
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Table  2.1  Fluorescence  Lifetime  as  Function  of  Nd  Concentration  in  La^.^Nd^^MgAl 
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materials  are  similar.  However,  whereas  YAG  is  cubic  and  optically  isot» 
YAIO2  is  orthorhombic  and  ani soptropic. 

In  the  early  I970's,  the  introduction  of  Nd:YAL0  was  received  with  ; 
enthusiasm  because  high  average  power  in  pulsed  systems  and  high  CW  powe' 
output  with  thresholds  and  efficiencies  comparable  to  YAG  had  been  achie' 
Actually,  NdtYAlOj  is  the  only  solid  state  material  other  than  Nd;YAG  to 
exhibit  the  high  conductivity  and  hardness  combined  with  low  threshold 
necessary  to  achieve  high  average  power  operation  in  the  cw-pumped  mode  < 
room  temperature. 

Interest  in  this  system  was  further  motivated  by  the  fact  that  the 
Perovskite  structure  results  in  an  orthorhombic  symmetry  and  consequent!: 
yields  polarized  laser  output.  The  YALO  laser  is  then  free  from  the 
depolarizing  thermal  birefringence  which  affects  YAG  performance  when 
polarizing  optics  are  inserted  in  the  YAG  cavity. 

Late  in  1970  large  crystals  of  NdiYAlO^  with  good  optical  quality  b< 
conmercially  available.  However,  one  difficulty  that  had  prevented  genei 
acceptance  for  YALO  as  a  substitute  for  YAG  was  the  occurrence  of  discolc 
tion  (browning)  of  the  crystal  after  irradiation  by  flashlamps.  This  ef' 
was  caused  by  crystal  defects  and  was  detrimental  to  an  efficient  excita- 
It  could  only  be  remedied  by  a  careful  heat  treatment  in  a  reducing 
atmosphere. 

Since  crystals  could  not  be  grown  that  remained  clear  and  transparer 
after  irradiation  from  pump  radiation  interest  was  eventually  lost  in  th( 
material.  Recently,  however,  W.C.  Heraeus  GmbH,  West  Gemany,  has  been  , 
to  grow  high  optical  quality  YALO  laser  crystals  in  coimnercial  quantitie; 
there  is  renewed  interest  in  the  material  for  applications  in  which  a 
polarized  output  is  desirable.  Since  the  discoloration  in  NdtYALO  is  cai 
by  the  UV  content  of  the  flashlamp,  this  effect  does  not  show  up  in  lase; 
diode  pumped  crystals. 
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One  particularly  Interesting  property  of  Nd:YAL0  is  the  fact,  that  due  to 

its  anisotropic  properties,  the  gain. and  wavelength  can  be  changed  by 

j  selecting  suitable  orientations. 

j 

i 

The  laser  properties  of  YALO  are  influenced  by  the  optical  anisotropy  In 
two  ways : 

.  First,  the  emitted  radiation  is  always  linearly  polarized  in  a  direction 
depending  on  the  rod  orientation  with  respect  to  the  crystal  axes. 

Second,  the  emission  wave  length  depends  on  the  rod  orientation  and  on 
the  polarization  direction. 

For  example,  a  Nd-YALO  rod  cut  along  the  a-axis,  emits  a  wave  length  of 
1.08 /u  when  the  E-vector  (polarization)  is  along  the  c-axis  and  at  1.065/U  for 
a  b-axis  polarization.  A  c-axis  rod,  on  the  other  hand,  always  emits  at  1.065 u 
irrespective  of  the  polarization  direction  of  the  radiation.  The  reason  for 
this  bahavior  lies  in  the  low  symmetry  of  the  crystal  structure  that  leads  to 
a  complicated  directional  dependence  of  the  gain  in  YAIC.  This  feature  is  an 
added  advantage  of  YALO  because  it  permits  a  tailoring  of  the  gain  and  energy 
storage  capabilities  of  the  YALO  to  suit  particular  applications;  e.g. 
0-sw1tching  or  cw-operation. 

12 

Massey  et  al  achieved  up  to  75  W  of  cw  output  linearly  polarized  in 

4 

YALO  about  15  years  ago.  They  observed  CW  emission  from  two  of  the  F*,*- 

J  A  A  ^  ^ 

^^11/2  (1.0645  and  1.0795^m)  and  two  of  the 

transitions  (1.3391  and  l.SAlltim).  They  also  observed  three  additional 
-  transitions  (1,0729,  1.0909,  and  1.0989  am)  when  the  system  was 

flash-pumped  with  20  J  from  a  Kr  flashlamp. 

Recently  Schearer  et  al^^  reported  Cw  laser  emission  from  seven  lines 
within  the  1.0729,  1.0795,  1.0845.  1.0909, 

1.0921,  and  1.0989  am.  Since  Nd:YAL0  exhibits  a  fluorescence  spectrum  which 
is  broaoer  than  NdtYAP,  they  have  also  obtained  some  limited  tuning  for  the 
1.0795  and  1.0845  am  transitions. 
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The  linearly  polarized  output  of  NdrYALO,  and  the  irge  number  of  las 
lines  which  can  be  obtained,  make  Nd:YAL0  an  interesting  material  for  dio< 
pumped  systems  in  military  applications.  One  disadvantage  of  the  materia' 
compared  to  YAG  is  the  shorter  fluorescence  lifetime.  Figure  3-13  shows 
dependence  of  the  lifetime  with  Nd  concentration.  Although  YAIO^  can  be  ■ 
much  higher  with  Nd  compared  to  YAG.  this  property  cannot  be  utilized  to 
advantage  in  diode  pumped  systems  because  of  fluorescence  lifetime  quench 

3.2.4  Nd:LaLuGG 

The  co-doped  garnet  crystal  Gd^CSe ,6a )2Ga20j2  GSGG:Nd,  Cr  is  the  ■ 

efficient  flashlamp  pumped  solid  state  laser.  The  material  is  so  efficie 

because  of  the  wide  absorption  bands  of  Cr^"*^  which  overlap  well  with  the 

emission  of  flash! amps,  and  the  efficient  transfer  to  Nd^"*"  ions.  The  Cr^ 

excitation  in  GSC^  appears  in  the  ^T-  state,  nonradiative  transfer  to  Nd^ 

4  4  ^ 

ions  can  occur  via  the  T,-  A,  transition,  which  is  spin  allowed  and  has 

^  ^  3+ 

good  spectral  overlap  with  the  Nd  levels. 

Rather  than  having  broad  absorption  regions  afforded  by  6S6G;NdCf,  f 
laser  diode  pumping  a  stronger  and  wider  absorption  line  around  800  nm  i s 
required.  Both  can  be  achieved  in  Nd:LaLu6G,  or  (La,Lu)2(l>u,Ga)2  Ga20j^2' 
ionic  radii  of  La  and  Lu  are  1.05  A  and  0..86A,  respectively.  Since  they 
closely  match  the  ionic  radion  of  Nd^"^  which  is  0.98A,  high  doping  levels 
be  achieved.  Huber  et  a1^^  have  grown  LaLuGG  with  up  to  3  percent  Nd  wit 
observing  stray  concentration  quenching.  Only  at  10  percent  Nd^'*’  doping 
levels  did  quenching  become  a  problem.  Since  Nd  can  substitute  for  Lu  an 
the  Nd^"^  ion  will  occupy  different  sites  and  experience  different  crystal 
fields.  This  leads  to  a  broadening  of  the  absorption  line. 

The  relatively  high  doping  level  and  broadened  line  around  800  nm  ma 
this  material  a  good  choice  for  a  diode  pumped  Nd  laser.  Preliminary 
investigation  by  Powell^^  confirms  the  broad  absorption  bands. 
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Figure  2-13  Temperature  and  conc->niration  dependence  of  the 
Fluorescence  lifetime  ut  YAIO3  . 


3.2.5  Ho;YLF 


The  extraordinary  long  fluorescence  lifetime  of  12  msec  for  the 

3+  3+  ' 

transition  in  multiple  doped  Ho:YLF  (Er  ,  Tm  )  make  this  material  a  gooc 
candidate  for  laser  diode  pumping.  Unfortunately,  we  do  not  have  at  prese 
any  spectral  data  on  this  material  to  provide  further  information. 

3.3  UNSUITABLE  LASER  MATERIALS 

In  this  section,  a  few  materials  will  be  discussed  which  are  currentl 
the  subject  of  great  interest  and  activity  due  to  a  specific  property  such 
tunablllty,  emission  of  an  important  wavelength,  low  manufacturing  cost,  t 
due  to  either  a  very  short  upper  state  lifetime,  low  gain,  or  absence  of  e 
proper  absorption  line  do  not  seem  to  be  likely  candidates  for  diode  pumpi 
In  this  category  fall  all  Cr  and  Ti  doped  tunable  lasers  because  their  abs 
tion  bands  are  at  much  shorter  wavelength  then. can  presently  be  achieved. 

Materials  we  have  been  looking  Into  more  closely  but  which  did  not  se 
promising  include  the  following  list: 

3.3.1  NdrSEL 

Nd  doped  lanthanum  beryl  late  (Nd^‘*^rLa2Be205)  or  Nd:BEL  produced  by  A1 
Corporation,  Is  receiving  some  attention  as  an  Intermediate  gain  solid  stc 
laser  medium  in  flashlamp  pumped  systems.  Considerable  development  of  thi 
material  has  recently  taken  place  In  the  areas  of  crystal  growth,  spectre* 
and  materials  characterization. 


For  BEL:Nd  the  lasing  transitions  in  the  one  micron  region  occur  fron 
lowest  level  of  tne  to  the  multiplet  while  in  YA6:^ 
the  transition  occurs  from  the  highest  level  of  the  ^^^3/2  "iultlplet.  Ther 
are  two  wavelengths  for  the  laser  transitions  for  BEL:Nd,  1,070  and  1.079 


The  stimulated  emission  cross-section  1s  one-third  that  for  Nd:YAG. 
fluorescence  lifetime  for  Nd:BEL  was  found  to  be  about  150  ^usec  at  1  perc£ 
Nd  doping.  At  higher  concentration  the  lifetime  begins  to  decrease  becau: 
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concentration  quenching.  The  lower  gain  combined  with  the  much  shorter  life¬ 
time  do  not  seem  to  make  this  material  particularly  attractive  compared  to  YAG 
for  laser  diode  pumping. 

3.3.2  CriSrAlF^ 

Strontium  Aluminum  Fluoride  is  very  actively  pursued  by  LLNL  for  possible 
applications  in  submarine  laser  connuni cations.  In  order  to  match  the  cesium 
absorption  in  the  receiver,  the  laser  emission  has  to  be  either  455.5  nm  or 
459.5  nm. 

Cr:SrAlFg  discoverd  by  Jenssen  from  IT  is  tunable  from  825  to  1010  nm 
with  a  peak  emission  around  900  nm.  Frequency  doubling  of  either  the  911  or 
919  nm  wavelength  would  meet  the  wavelength  requirements  for  SLC.  For  diode 
pumping,  the  material  poses  two  problems  the  upper  level  lifetime  is  only  95 u 
sec  long  and  the  absorption  around  800  nm  is  very  low.  Figure  3-14  shows  the 
emission  and  absorption  spectra  of  SrAlF^  and  Figure  3-15  shows  the  tunable 
output  obtained  from  this  material. 
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4.  CRYSTAL  GEOMETRY  AND  DIODE  ARRAY  PUMP  CONFIGURATION  (Task  3) 


In  this  chapter  endpumping  of  a  laser  crystal,  and  sidepumping  of  a 
cylindrical  rod  and  a  zig-zag  rectangular  slab  will  be  discussed. 

4.1  ENDPUMPING  OF  A  LASER  CRYSTAL 

In  this  case,  a  cylindrical  laser  rod  is  pumped  through  one  of  the  end 
faces  by  a  single  diode  diode  array.  This  endpumping  concept  was  the  subject 
of  considerable  Interest  during  the  mid  1970 ‘s  for  use  as  transmitters  for 
optical  fiber  conmiunications . 

A  number  of  workers  have  built  neodymium  lasers  end  pumped  with  diodes. 
Light-emitting  diodes  have  been  used  to  end  pump  Nd:YAG  fibers,  superlumines- 
cent  diodes  have  end  pumped  Nd:YAG  rods  and  laser  diodes  have  been  used  to 
end  pump  the  stoichiometric  neodymium  compound  LiNdP  4O12  with  a  1.5  percent 
electrical-to-optical  slope  efficiency.  Only  recently,  however,  have  laser 
diodes  of  sufficient  output  power  been  available  to  fully  exploit  this  highly 
efficient  regime  of  operation. 

In  particular,  Sipes^'*  from  Jet  Propulsion  Lab,  and  researchers  at 
Stanford  Uni verslty^'^  have  reported  high  overall  efficiencies  with  tightly 
focused  end  pump  geometries.  Since  the  pump  beam  from  the  diode  array  is 
collinear  with  the  optical  resonator,  the  overlap  between  the  pumped  volume 
and  the  TEMqq  mode  can  be  very  good.  Also  the  coupling  efficiency  into  the 
rod  is  high  and  the  absorption  length  can  be  as  long  as  the  crystal.  Figure 
4-1  shows  the  experimental  set  up  used  by  Sipes. 

A  single  Spectra  Diode  Labs  Model  SDL-2410-A  GaAlAs  laser  diode  array  is 
employed,  operating  at  approximately  200  mW  cw  output  at  810 ^tm  with  approxi¬ 
mately  20  percent  electrical  to  optical  efficiency.  The  dual  lobed  output  is 
then  collimated  and  focused  Into  a  1  cm  long  x  .5  cm  diameter  1  percent  Nd:YAG 
sample.  The  resonator  configuration  is  plano-concave,  with  the  pumped  end  of 
the  Nd:YAG  rod  being  coated  for  high  reflection  at  1.06am  and  output  coupler 
being  a  5  cm  radius  of  curvature  with  a  reflectivity  at  1.06  am  of  96  percent. 
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Cndpumped  laser  system  designed  by  Sipej  (6.1). 


The  end  pump  geometry  has  a  number  of  advantages  compared  to  side 
pumping.  For  example,  the  absorption  length  can  be  made  as  long  as  necessary 
to  absorb  practically  all  the  pump  light.  Also  the  pump  light  can  be  focused 
to  provide  the  Intensities  needed  for  efficient  lasing  and  the  beams  can  be 
adjusted  to  overlap  for  optimum  mode  matching. 

Figure  4>2  shows  Input  electrical  power  versus  1.06 /um  output  power  for 
tpe  configuration  Illustrated  In  Figure  4-1.  For  approximately  1  watt  of 
electrical  Input  power,  70  mW  of  NdtYAG  output  Is  measured.  This  corresponds 
to  a  measured  laser  diode  efficiency  of  approximately  20  percent  and  an 
optical  conversion  efficiency  of  approximately  35  percent. 

Endpumping  of  a  miniature  Nd:YAG  laser  with  laser  diode  arrays  Is  an 
attractive  means  of  obtaining  efficient  cw  lasers.  However,  at  present,  the 
end  pump  scheme  1s  useful  only  for  low  power  lasers  because  the  pump  area  Is 
very  small.  In  order  to  achieve  a  somewhat  higher  output  power,  two  sources 
can  be  polarization  coupled  together  to  double  the  pump  power  available.  Thus 
by  polarization  coupling  and  double  ended  pumping,  800  mW  of  pump  power  and 
possibly  400  mw  of  1.06  itm  power  are  achievable. 

Endpumping  from  both  sides,  and  using  polarization  coupling  schemes  does 
Increase  the  power  output  by  a  factor  2  to  4. 

However,  should  monolithic  or  stacked  2-0  arrays  become  available  at  an 
affordable  price  the  output  from  a  large  array  could  be  focused  with  a 
condensor  arrangement  Into  the  end  face  of  a  laser  rod.  Because  of  the  large 
absorption  length  In  the  crystal,  spectral  output  uniformity  from  the  array, 
and  wavelength  control  is  not  very  critical. 

Particularly  ideal  would  be  phased  arrays.  It  Is  conceivable  that 
several  hundred  watts  of  average  power  can  be  coupled  Into  the  end  of  a  5  or  7 
ttin  Nd:YAG  crystal.  Compared  to  using  the  output  from  the  phased  array 
directly,  a  solid  state  laser  can  be  0-sw1tched,  thus  high  peak  powers  can  be 
achieved.  Figure  4-3  shows  the  schematics  of  a  high  average  power  endpumped 
laser. 
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OUTPUT  OPTICAL  POWER 


Figure  A. 2  Output  vs.  input  of  endpumped  laser. 

(From  D.L.  Sipes,  Appl .  Phys .  Lett.  47, 
July  1985,  P.  74) 
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Rear  Mirror 


Phased  Condenser  Pol.Q-swicch 

Array  Lens 


Figure  4.3  Schematic  of  a  high  power  endpumped  laser  utilizing 
coherent  arrays. 
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4.2  SIDEPUMPING  OF  A  CYLINDRICAL  CRYSTAL 


,4.2.1  Pumping  Geometry 

Side  pumping  of  a  laser  rod  can  be  realized  by  surrounding  it  with  ' 
diode  arrays  conveniently  distributed  around  the  rod  tc  produce  the  desir 
pumping  profile.  There  are  three  practical  approaches  to  couple  the  radi 
emitted  by  the  diode  lasers  to  the  rod:  a)  direct  coupling;  b)  with  opti 
between  source  and  absorber;  c)  fiberoptics  coupling.  The  direct  couplir 
option  does  not  allow  for  variations  other  than  the  placement  of  the  dioc 
lasers  around  the  rod.  Fiberoptics  coupling  is  very  impractical  for  a  lar 
number  of  diode  lasers.  Optical  coupling  can  be  achieved  by  using  imagir 
optics  such  as  lenses  or  elliptical  and  parabolic  mirrors,  or  by  non-imac 
optics  such  as  reflective  or  refractive  flux  concentrators. 

Simple  considerations  regarding  the  optimum  pumping  configuration,  « 
high  marks  to  the  approach  of  using  intermediate  refractive  optics.  Thi« 
because,  in  this  case,  arrays  can  be  spaced  far  apart,  reducing  packaging 
cooling  constraints.  Furthermore,  by  using  lenses,  the  pump  distributior 
be  peaked  at  the  center  of  the  rod  allowing  for  a  better  match  with  resor 
modes.  In  contrast,  direct  pump>ng  yields  a  far  less  optimum  pump  distr* 
tion  and  requires  dense  packaging.  Fiberoptics  coupling  is  very  lossy,  . 
similarly  to  direct  coupling  does  not  allow  for  an  optimum  pump  distribu' 
although  it  shares  with  the  optical  coupling  approach  the  advantage  of 
relaxing  packaging  and  cooling  constraints.  Its  practical  implenentatior 
however,  far  more  complex  than  for  the  latter.  Figure  4^4  depicts  a  pos: 
design  for  the  implementation  of  rod  side  pumping  using  linear  diode  lasc 
arrays  and  cylindrical  lenses. 

For  the  evaluation  of  the  individual  merits  of  these  different  opti: 
is  important  to  determine  how  the  pumping  power  is  distributed  across  th( 
and  how  efficiently  the  radiation  emitted  by  the  diode  laser  arrays  is 
absorbed  in  the  rod.  The  determination  of  these  performance  characteris 
requires  the  use  of  ray-tracing  techniques,  ^or  this  purpose  a  computer 
called  CRADLE  (computation  of  rod  absorption  of  diode  laser  emission)  wa: 
designed  and  implemented. 
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With  the  exception  of  the  cases  Involving  reflective  elements  and  fiber- 
optics,  all  the  cases  can  be  analyzed  with  this  code.  Details  on  the 
algorithm  used  for  this  code  are  given  in  the  following  sections.  A  descr 
tion  of  the  software  configuration  and  the  program  listing  Is  given  in 
Appendix  A. 

4.2.2  Ray  Trace  Analysis 

The  pumping  rate  at  any  particular  position  inside  the  rod  Is  directlj 
related  to  the  amount  of  the  amount  of  pump  radiation  absorption  at  that 
particular  point.  Certainly  the  absorption  coefficient  changes  vdth  the 
change  in  population  of  the  levels  interconnected  by  the  particular  pump 
transition  and  therefore  the  time  evolution  of  the  absorption  should  be 
considered.  However,  this  change  in  population  is  only  important  in  three 
level  sysems  which  will  not  be  considered  here.  Because  the  purpose  of  th 
analysis  will  be  to  determine  the  relative  merits  of  the  different  pumping 
geometries,  the  pump>rate  density  will  be  considered  to  be  directly  propor 
tional  to  the  local  pump  radiation  absorption  and  therefore  only  this 
parameter  will  be  calculated. 

The  local  density  A^fr)  of  pump  radiation  absorption  inside  the  laser 
is  given  by  the  following  expression: 

yiAlsiFirT,  ai  )J 

X  II  (rT,ai,A  ,Ad)  F(\d,  A  c,crA) 

X  dri  d  ai  d  Ad  A  c 

where  A-,(r)  is  measured  in  W/cm  ;  N,  is  the  number  of  arrays  around  the  ro 
and  r^  specify  a  particular  position  inside  the  rod  and  on  the  i  linear 
array  respectively,  and  the  other  quantities  are  defined  as  follows: 

I(r^ ,  ai  ,  A  ,  A  d):  Diode  laser  array  spectral  irradiance  inw/zim/rad.  k. 

the  center  wavelength  at  which  the  diode  laser  stripe” 
located  at  position  r,  operates,  and  specifies  a 
particular  emission  direction. 
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F{A.d,  Ac.ov):  Statistical  distribution  of  diode  laser  center  wavelengths 

^  (  Xd),  centered  at  the  wavelength  and  having  a  standard 

deviation  .  Dimension:  /xm‘^ 

S(r,  r^,a^):  Optical  path  as  defined  In  Figure  4-5  Dimension:  cm. 

■y{A):  Spectral  absorption  coefficient,  cm“^ 

The  angular  distribution  of  the  radiation  produced  by  most  of  the  high 
power  linear  arrays  Is  very  narrow  In  the  direction  parallel  to  the  array.  On 
the  other  hand,  the  characteristics  of  these  arrays  are  very  uniform  along  the 
length,  and  a  good  cavity  design  will  most  likely  Incorporate  end  mirrors  to 
reduce  end  effects.  Consequently,  In  order  to  simplify  the  analysis,  only  the 
two  dimensions  perpendicular  to  the  rod  axis  (and  also  perpendicular  to  the 
direction  of  the  array  length)  will  be  considered. 

Another  characteristic  of  state-of-the-art  diode  laser  arrays  Is  the  very 
narrow  output  spectral  width:  typically  less  than  one  nanometer.  Therefore  a 
further  simplification  will  be  to  Ignore  the  Integral  over  A  In  the  above 
expression  and  substitute  A^  for  It  when  evaluating  ^(X).  A  further 
simplification  that  will  be  made  Is  to  consider  the  irradlance  I  to  be 
independent  of  position  and  diode  laser  emission  wavelength. 

With  these  simplifications  the  above  expression  reduces  to: 

^D 

Ajj(r,w)  «  X 
x»l 

X  I  (a1)  F  (Ad,Ac,a-^)  dal  d  Ad 

where  r  Is  the  radial  coordinate  and  w  is  the  aximuth  angle  about  rod  axis. 

is  the  angular  aperture  of  the  optical  system  and  Aj  and  A2  specify  the 
spectral  range  of  Interest,  typically  and  Internal  centered  on  Ac  with  a  width 
of  about  4o-^  .  For  practical  purposes  the  distribution  F(  \d,  Ac,<r^)  will  be 
defined  as  Gaussian. 


^2  «a/Z  _ 

J'  y{  A  d)  S(r,w;a  1  ,i )  J 

V 1  -aa/Z 
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The  Integrals  in  the  last  expression  for  Aq  can  be  solved  numerically  by 
converting  them  to  a  finite  element  problem.  A  large  amount  of  simplification 
can  be  accomplished  by  exploiting  the  symmetries  of  the  problem.  In  order  to 
illustrate  the  method,  the  pumping  geometry  shown  in  Figure  4-4  will  be 
Considered  for  the  remainder  of  this  section.  In  this  design  there  are  eight 
double  linear  arrays  uniformly  spaced  around  the  rod.  Because  of  the  symmetry 
of  this  configuration  only  the  sector  of  the  rod  shown  in  Figure  4-6  needs  to 
be  considered.  This  sector  is  divided  Into  a  total  of  200  elements  as 
Indicated  in  the  same  figure. 


The  determination  of  the  ray  pathlength  inside  the  rod  for  each  indivi¬ 
dual  beamlet  has  to  be  made  by  using  ray- tracing  techniques.  For  this 
purpose,  the  optical  system  described  in  Figure  4-7  will  be  used.  This  system 
includes  a  total  of  seven  optical  surfaces,  four  of  which  belong  to  a  symme¬ 
trical  doublet  of  cylindrical  lenses  configurable  in  all  possible  ways  in 
terms  of  radii  of  curvature. 

A  computer  code  called  CRADLE  (Computation  of  Rod  Absorption  of  Diode 
Laser  Emission)  was  implemented  for  the  evaluation  of  Aplr).  In  its  present 
form  this  code  is  only  applicable  to  the  configuration  shown  in  Figure  4-4. 
However,  it  can  be  adapted  to  many  other  configurations.  By  making  the  lens 
index  of  refraction  equal  to  one,  the  cylindrical  lenses  are  rendered  non¬ 
existent  and  the  configuration  of  Figure  4-4  reduces  to  one  in  which  the 
cooling  Jacket  is  the  only  optical  element  performing  the  role  of  flux 
concentrator.  When  the  indices  of  refraction  of  the  lenses,  cooling  Jacket 
and  coolant  are  all  made  equal  to  one  the  same  configuration  reduces  to  the 
direct  coupling  case.  The  other  limitation  of  this  code  as  currently 
implemented  relates  to  the  reflective  losses  at  the  various  optical  surfaces. 
No  provision  has  been  incorporated  -into  the  code  to  account  for  the  losses  in 
the  lenses.  However,  a  good  optical  design  should  make  use  of  AR  coated 
optics  to  maximize  transmission,  and  it  will  therefore  be  a  good  approximation 
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07.-  >7 


gure  4.7.  Definition  of  geoinetetrica 


to  evaluate  those  losses  by  estimating  an  average  transmission  coefficient 
each  surface.  The  code  does  provide  an  option  to  include  the  effect  of 
reflection  losses  at  the  jacket  and  laser  rod  surfaces  considering  unpolar 
light  and  no  AR  coating. 


4.2.3  Emitter  and  Absorber  Characterization 

In  order  to  evaluate  the  integral  over  the  angle  of  emission  a  it 
necessary  to  define  the  irradiance  function  I(a^)  I(a  ).  For  this  purpos 
simple  model  of  the  directional  dependence  of  the  diode  laser  irradiance 
(radiation  pattern)  will  be  used.  This  model  is  described  in  detail  in 
Reference  4.3.  Assuming  that  the  diode  laser  cavity  resonates  at  the 
fundamental  transversal  mode  the  radiation  pattern  is  given  by: 


I  {Q,4>)  •  C  (cos^0cos^O  +  sin^G) 


[- 


-  sin^O)  +  n/ko 


-1 


21/2  222 
(K^-sin  G)  ♦  (sindsin  G+cos  G)/cosG 


X  exp 


2  2 
(Tkocososine)  +  (TkosindisinG) 


1] 


Where  0  and  O  are  defined  in  Figure  4-8.  In  this  expresson  C  is  a  coeffi 
cient  of  proportionality.  is  the  free-space  wave  number  given  by 


Kq  -  2  TT/x^ 

Kj  is  the  peak  value  of  the  dielectric  constant  of  the  graded  index  wavegi 
that  constitutes  the  diode  laser  resonator.  It  is  related  to  the  peak  val 
of  the  index  of  refraction  by: 

Kj  »  n^ 
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Figure  4. 


Radiation  pattern  from  a  laser  diode. 

(M.  Ettenberg,  Laser  Focus,  May  1985,  P.  86) 


CURRENT 
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SI 


I 


is  the  propagation  constant  for  the  fundamentil  transversal  mode  of  t: 
waveguide  resonator  and  It  Is  given  by: 


In  the  expression  and  Yo  are  the  parameters  that  describe  the  cha 
of  the  dielectric  constant  with  position  across  the  waveguide  according  t. 
following  formula: 


-.[■<3'  (^)'] 

X  and  y  are  defined  in  terms  of  these  parameters  through  the  following 
relationships: 


and  are  also  linked  to  the  half  power  full  angular  widths  of  the  radiatio 
pattern  by  the  following  expressions: 

-1  r  ' 

e,  «  2  sin  ^  l0.69  —  Y 

1  I  n. 

-iF  ■ 

«  2  sin  M  0.69  --  X 

where  0^  and  are  the-FWHPs  pependicular  and  parallel  respectively  to 
diode  laser  output  slit  (see  Figure  4-8). 
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The  Irradiance  function  1(a)  needed  for  the  two-dimensional  analysis 
can  be  obtained  from  I  (0,)),  by  using  the  angular  coordinate  a  and  ^  shown 
in  Figure  4-9.  The  transformation  formulas  are: 

sin  0  ■  Vsin^^  +  cos^^  sin^a  ■  1  -  cos^  cos^ 

cos  0  ■  cos  a  cos  /3 

sin  d>  ■  sin/5  /sinO 

cos  d)  ■  sin  a  cos^  /sin  0 

For  the  two-dimensional  analysis  CRADLE  performs  an  average  of  the  irrad 
iance  function  over  the  angular  coordinate  .  The  integration  over  a  is 
performed  by  dividing  the  angular  aperture  of  the  optics  in  equal  intervals. 
Usually  about  100  Intervals  are  used. 

The  characterization  of  the  laser  rod  is  done  in  terms  of  its  radius, 
index  of  refraction  and  spectral  absorption  coefficient  y  (  \).  A  file 
containing  information  of  the  latter  covering  the  spectral  range  of  interest 
has  to  be  created  for  the  calculation  of  the  spectral  and  total  absorption  of 
the  pump  radiation  by  the  rod. 

4.2.4  Resul ts 

In  order  to  arrive  at  conclusions  applicable  to  practical  designs,  a 
pumping  cavity  with  the  configuration  shown  in  Figure  4-4  will  be  taken  as  a 
reference  design.  In  this  design  the  laser  rod  is  surrounded  by  a  Jacket  to 
allow  its  cooling  by  force  convection  using  an  axial  coolant  flow.  The 
pumping  cavity  consists  of  eight  single  or  double  linear  arrays  symmetrically 
located  around  the  rod.  The  output  slits  of  the  diode  lasers  are  imaged  near 
the  center  of  the  rod  by  using  a  symmetrical  doublet  of  plano-convex 
cylindrical  lenses.  Divergence  angle  for  diode  lasers  in  the  direction 
perpendicular  to  the  junction  range  as  high  as  60  FWHM  (full  width  at  half 
maximum);  typical  values  for  high  power  diode  laser  arrays  are  in  the  30°  to 
40°  range.  Assuming  that  the  angular  dependence  of  the  irradiance  follows  a 
gaussian  function  of  the  angle,  for  a  collection  angle  1.7  times  the  FWHM 
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value  the  collected  radiation  will  be  95  percent  of  the  total  output. 

However,  as  can  be  seen  from  the  irradiance  function  discussed  in  Section 

4.2.3,  the  actual  irradiance  falls  off  faster  than  a  gaussian  and  therefore  it 

can  be  considered  that  for  that  collection  angle  practically  all  the  radiation 
emitted  by  the  diodes  is  collected.  This  means  that  in  most  cases,  the 
collection  angle  required  will  range  between  50°  and  70°. 

The  design  parameters  that  have  to  be  defined  and  entered  in  the 
parameter  file  of  CRADLE  are  shown  in  Table  4-1.  Data  on  the  rod  spectral 
absorption  is  also  required  by  CRADLE.  This  information  is  entered  in  a  file 
named  Spectrum.  Table  4-2  lists  the  value  of  the  spectral  absorption  of  a  1 
percent  Nd  doped  YAG  crystal  around  the  808  nm  center  wavelength  in  the  format 
required  by  CRADLE,  and  Figure  4-10  shows  a  computer  plot  of  this  spectrum. 

With  the  data  shown  in  these  tables.  CRADLE  proauces  an  output  in  table  form 

giving  the  cross-sectional  pump  power  distribution  for  a  1/16  sector  of  the 
rod  as  shown  in  Table  4-3.  Figures  4-11  to  4-13  show  slices  of  this 
distribution  cut  along  the  radial  direction  for  different  angular  positions 
defined  with  the  index  1  (see  Figure  4-6  for  the  definition  of  this  index). 
CRADLE  also  produces  an  angular  average  of  the  distribution  and  a  radial 
integration  as  shown  in  Figure  4-14  and  Figure  4-15.  It  also  gives  the 
fraction  of  the  power  emitted  by  the  diode  laser  array  that  is  absorbed  in  the 
rod. 


Calculated  total  absorption  for  a  YAG  rod  doped  with  1  percent  of 
neodymium  are  shown  in  Table  4-4  for  several  rod  diameters  and  for  two  values 
of  the  FWHM  of  the  spectral  output  of  the  diode  laser  array.  These  values, 
calculated  for  the  full  cavity  with  the  configuration  shown  in  Figure  4-4  are 
also  valid  for  the  half  cavity  configuration  discussed  in  Section  7.  If  the 
rod  diameter  is  taken  as  half  the  diameter  shown  in  the  table  and  the  reflec¬ 
tivity  of  the  reflective  coating  applied  on  the  rod  is  considered  to  be  100 
percent.  The  advantage  of  using  arrays  with  a  narrow  spectral  distribution  is 
clearly  shown  in  this  Table,  State-of-the-art  diode  laser  arrays  fabricated 
using  MOCVD  technology  are  already  producing  outputs  with  spectral  spreads  not 
larger  than  4  nm. 
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Tab.le  4.1  CRADLE  parameter  file. 


Jr.lass  ctnerwi  se  ssaci-fiad,  all  di  .T.er.- :  sr.n  are 
Ths  iMo .  el  ar.^th  is  in  r.sns.reter  s  and  the  atsarsi 
i;  in  inverse  ear^ti.T.atsrs.  .'^n^ulsr  apertures  a: 


Reproduced  from 
best  available  copy 
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Table  4. 


Nd:YAG  rod  absorption  spectrum 
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Table  A. 3  Example  of  pump  flux  distribution  produced  by  CRADLE 


DISTRIBUTION  OF  ENERGY  DENSITY  IN  THE  LASER  ROD 
DUE  TO  DIODE  PUMP  RADIATION 


Ro«l  R_  (Relative  uni 


OISTKIDUTION  OF  ENERGY  DENSITY  IN  THE  LASER  ROD 
DUE  TO  DIODE  POHP  RADIATION 
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DISTRIBUTION  OF  ENERGY  DENSITY  IN  THE  LASER  ROD 
DUE  TO  DIODE  PUMP  RADIATION 


DISTRIBUTION  OF  ENERGY  DENSITY  IN  THE  IJ\SER  ROD 
DUE  TO  DIODE  PUHP  RADIATION 


Figure  4.1A 


TABLE  4.4 


Efficiency  of  pump  radiation  absorption  as  a  function  of  rod 
diameter  and  diode  laser  wavelength  distribution  width. 


Distribution  center 
losses  are  neglected 

wavelength:  Xc  ■  807 

nm.  Reflection 

^•^••.^..Rod  Diameter 

• 

Bandwidth,  A 

6  mm 

8  mm 

200 

637. 

797. 

40 

917. 

967. 

20 

937. 

987; 
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4.3  SIDEPUMPING  OF  A  SLAB 

In  this  subsection  we  will  briefly  describe  the  basic  characteristic 
2lg>zag  slab  lasing  and  provide  a  discussion  of  the  key  design  parameters 
laser  diode  pumped  slab  laser. 

A  description  of  the  design  and  performance  of  a  diode  pumped  slab  1 
developed  by  McDonnell  Douglas,  and  a  discussion  of  several  slab  design 
alternatives  will  conclude  this  subsection. 

4.3.1  Current  -Status 

The  concept  of  a  slab  laser  geometry  with  a  zig-zag  optical  path  cor 

in  the  slab  by  total  internal  reflection  was  first  proposed  by  Martin  anc 
4  4 

Chernoch  in  1972  ‘  .  Slab  geometry  development  was  pursued  by  General 
Electric  for  potential  applications  to  high  performance  military  requ1re»r 
during  the  past  fourteen  years.  In  this  report,  we  review  the  recent 
development  In  Nd:YAG  slab  lasers  relevant  to  laser  diode  pumping. 

Solid-state  lasers  traditionally  have  been  fabricated  in  a  rod  geomc 
Under  high  thermal  loading  associated  with  optical  pumping,  the  laser  roc 
manifests  radially  dependent  thermal  and  stress- induced  optical  distortic 
These  effects  include  thermal  focusing  stress-induced  birefringence.  The 
effects  severely  degrade  the  performance  of  rod  geometry  laser  systems  ai 
pump  power  levels.  Thermal -optic  distortion  Is  the  principal  problem  in 
obtaining  a  high  quality  beam  at  high  average  power  from  a  solid  state  K' 
The  distortion  can  be  classified  as  the  sum  of  that  caused  by  index  varic 
with  temperature  and  that  caused  by  thermal  stress  birefringence. 

In  the  slab-type  laser  configuration,  the  solid  host  material  is  in 
form  of  a  rectangular  cross-section  slab  with  plane  parallel  surfaces  or 
faces.  The  configuration  Is  shown  schematically  in  Figure  4-16.  The  sic 
face-pumped  optically,  i.e..  Illuminated  through  two  opposing  slab  faces 
obtain  the  required  inversion  energy  in  the  active  material,  and,  simultc 
eously,  the  same  faces  are  cooled  to  obtain  a  one-dimensional,  steady,  ti 
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RETRO 


FPL  SL> 


Figure  4.16 


state.  Thermal  stress  results  In  the  slab  from  the  heating  which  is  conc( 
ant  with  optical  pumping  and  rooling.  The  volume  heating  is  symmetrical 
relative  to  the  center  plane  of  the  slab,  and,  therefore,  the  thermal  stn 
averaged  from  one  slab  surface  to  the  other  is  zero.  These  conditions  le< 
a  high  degree  of  compensation  for  thermal -opti c  distortion  for  a  beam  pas 
from  one  slab  face  to  the  other.  The  laser  beam  is  introduced  into  the  s 
through  suitable  entrance  optics,  usually  through  a  surface  at  Brewster's 
angle,  as  shown  in  Figure  4-16 

In  this  figure  the  z-axis  is  parallel  to  the  long  dimension  of  the  s 
and  the  x-ray  plane  represents  a  cross  section  of  the  slab.  The  x-axis  i 
perpendicular  to  the  major  faces  of  the  slab,  and  the  y-axis  is  parallel 
those  faces. 

The  slab  geometry  offers  significant  advantages  compared  to  the  rod 
geometry  laser  configuration.  The  advantages  primarily  stem  from  the 
rectilinear  pumping  and  cooling  geometry.  In  the  face  pumped  and  cooled 
laser,  the  thermal  temperature  gradient  is  assumed  to  be  in  the  y  di recti 
The  X  faces  are  assumed  to  be  insulated  so  that  the  slab  appears  to  be 
infinite  in  the  x  direction.  Under  these  assumptions,  the  thermally  indu 
stress  is  also  in  the  y  direction.  Furthermore,  for  light  oolarized  in  t 
or  y  direction  there  is  no  stress  induced  birefringence. 

With  the  assumption  that  the  edges  of  the  slab  are  thermally  insulat 
one-dimensional  thermal  state  results  in  the  slab  which  is  symmetrical  ab 
the  center  plane  of  the  slab.  Also,  the  thermal  stress  which  occurs  in  t 
slab  is  symmetrical  about  the  center  plane.  Each  ray  in  the  laser  beam 
experiences  the  same  index  of  refraction  variations  in  passing  from  one  s 
face  to  the  other;  thus,  no  wavefront  distortion  occurs.  The  stress-indu 
birefringence  disappears  when  averaged  over  a  path  between  faces,  and  no 
depolarization  results.  Further,  with  uniform  face  pumping,  uniform  gain 
across  the  optical  aperture  is  assured,  so  there  is  no  amplitude  distorti 
The  zig-zag  optical  path  also  has  the  added  advantages  of  averaging  over 
non-uniform  slab  pumping  in  the  y  direction  and  proving  a  longer  gain  pat 
the  laser  medium. 


strictly,  however,  the  absence  of  distortion  results  only  for  a  slab  of 
infinite  extent,  uniformly  pumped  and  cooled.  For  a  slab  of  finite  width  and 
length,  edge  and  end  effects  give  rise  to  distortion  in  these  regions.  Also 
uniformity  of  pumping  and  cooling  are  important  in  achieving  the  low  distor¬ 
tion  inherent  in  tho  configuration.  Thus  the  maximum  pumping  power  which  can 
be  used  without  significant  distortion  is  determined  by  the  deviation  from 
uniformity  of  pumping/cooling  and  the  edge  and  end  effects. 

% 

Pump  or  cooling  induced  gradients  across  the  slab  width  (normal  to  the 
plane  of  reflection),  as  well  as  end  effects,  are  often  the  reason  why  the 
slab  configuration  shows  a  disappointing  optical  performance.  The  slab 
geometry  has  the  disadvantages  of  a  more  expensive  optical  fabrication  and  a 
more  complicated  mechanical  mounting  geometry.  Also,  the  internal  reflection 
at  the  slab  surfaces  is  sensitive  to  absorption  In  the  coolant  and  to  index  of 
refraction  variations  of  the  coolant.  Due  to  the  large  polished  and  parallel 
sides  of  a  zig-zag  slab  laser,  amplified  spontaneous  emission  (ASE)  can  become 
a  problem  in  high  gain  materials  such  as  Nd:YAG. 

In  the  case  of  diode  array  pumping,  the  optical  compensation  property  of 
the  zig-zag  slab  Is  not  the  primary  reason  for  choosing  this  geometry. 

Compared  to  flashlamp  pumping,  the  heat  load  produced  by  laser  diodes  Is  much 
reduced;  furthermore,  arrays  are  not  capable  of  high  average  power  operations 
at  the  present  time.  The  attractive  feature  of  the  slab  Is  the  large  rectan¬ 
gular  pump  surface  which  matches  the  geometry  of  planar  arrays.  In  addition, 
the  zig-zag  slab  provides  for  spatial  averaging  of  the  non-uniform  pump 
profile  In  the  plane  of  reflection,  caused  by  the  exponentially  decaying  pump 
i:itensity  from  the  face  of  the  slab.  As  we  noted  above,  the  slab  has  an 
Intrinsic  compensation  for  non-uniform  effects  occurring  for  paraxial  rays  in 
a  plane  of  reflection. 

The  space  based  submarine  laser  communications  program  requires  develop¬ 
ment  of  efficient,  reliable,  long  lived  systems  which  can  deliver  1  J/pulse  of 
455.5  nm  at  a  pulse  repetition  rate  of  100  Hz.  As  part  of  this  program, 
McDonnell  Douglas  Corporation  has  embarked  on  a  program  aimed  at  the  demon¬ 
stration  of  the  technical  feasibility  of  laser  diode  array  pumped  slab  lasers. 
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The  slab  geometry  was  chosen  because  1t  offers  the  advantages  of 
efficient  diode  coupH.ig,  spatial  averaging  of  the  nonuni  form  diode  pumpir 
complete  elimination  of  thermal  and  stress  focusing,  linear  polarized  outp 
and  high  quality  spatial  mode  output. 

The  end  result  of  this  development  program  was  the  fabrication  and  de 

2 

strati on  of  a  diode  pumped  slab  laser  with  3.85  cm  of  pump  area.  Develop 
of  diode  arrays  with  the  required  density,  efficiency,  wavelength  and  puli 
repetition  rate  was  the  principal  technical  challenge  of  the  program.  The 
design  and  fabrication  of  the  Nd:YA6  slab,  resonator  and  0-sw1tch  follow  r 
traditional  and  established  design  concepts.  Since  this  design  represents 
state-of-the-art  in  laser  diode  pumping  we  will  describe  some  of  the  deta- 
design  features  as  well  as  given  details  on  the  performance. 

The  Nd;YAG  slab  had  a  pump  length  of  8.9  cm,  a  height  or  0.69  cm  and 
thickness  of  0,67  cm.  (Reference  4.5). 

The  Nd:YAG  slab  is  pumped  from  one  face  only.  The  opposite  face  is 
bonded  to  a  copper  heat  sink  containing  a  reflective  coating  to  return  uni 
pump  radiation  back  into  the  slab  for  a  second  pass.  An  anti -reflection 
coating  on  the  pump  face  Is  used  to  reduce  coupling  losses  (the  diode  arn 
not  in  contact  with  the  YAG) .  Liquid  cooling  is  employed  to  remove  heat 
the  YAG  and  diode  heat  sink. 

As  shown  in  Figure  4-17,  the  slab  was  pumped  by  seven  planar  arrays. 

Each  array  v/as  0.9  cm  long  and  0.61  cm  wide  and  had  an  emitting  area  of  0. 

cm.  On  the  average  each  array  produced  a  peak  power  of  413  W,  In  a  216  u 

pulse.  Electrical  Input  to  each  array  was  58  A  and  30  V,  which  resulted  * 

optical  output/electrical  input  efficiency  of  24.2  percent.  The  power  der 

2 

achieved  at  the  arrays  corresponds  to  750  W/cm  .  The  total  output  energy 
deri ved  by  the  seven  arrays  corresponds  to  624  mj . 
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Figure  4-18  shows  the  long  pulse  output  of  the  laser.  The  data  shown 
for  two  different  output  couplers.  The  highest  slope  efficiency  of  conver; 
of  diode  pump  energy  to  laser  output  was  36.8  percent  with  the  51.8  percen' 
reflector.  The  highest  absolute  efficiency  of  conversion  of  diode  pump  11? 
to  laser  output  ws  26.7  percent. 

Figure  4-19  shows  the  Q-swItched  performance  In  addition  to  the  long 
pulses  for  comparison.  Threshold  Is  higher  due  to  the  losses  caused  by  th( 
polarizers  and  the  Q-swItches.  With  a  51. 8t  reflecting  output  coupler  an 
output  of  105  mj  was  obtained.  This  represents  about  18.2  percent  convers 
of  pump  radiation  to  Q-swItched  laser  output  and  a  differential  conversion 
efficiency  of  33.9  percent.  This  data  was  taken  with  200  ^ec  pump  pulses 
With  216  usee  pump  pulses  and  slightly  higher  pump  fluence,  120  mJ  Q-swItc: 
at  10  Hz  was  obtained. 

4.3.2  Alternate  Configuration 

The  output  from  the  emitting  surface  of  the  laser  diode  array  has  to  i 
coupled  efficiently  to  the  laser  medium.  The  standard  approach  Is  a  close 
coupled  pumping  scheme  whereby  the  arrays  are  directly  facing  the  slab  or 
surface.  This  Is  optically  the  most  straightforward  approach;  however,  It 
places  severe  constraints  on  the  packaging  density  of  the  diode  array  beca 
the  array  has  tu  match  the  size  of  the  slab  pump  surfaces. 

For  high  average  power  operation  the  maximum  heat  dissipation  from  th 
array  (50-100  W/cm^)  limits  the  performance  of  the  laser.  If  the  output  f 
the  planar  array  Is  coupled  to  the  slab  via  a  compound  parabolic  cylinder, 
about  a  factor  four  In  array  area  can  be  gained,  and  the  average  power  of 
device  can  be  Increased  by  the  same  factor.  An  Ideal  light  collector  or 
compound  parabolic  cylinder  (CPC)  Is  a  non-imaging  device  which  can  take  a 
large  array  output  and  geometrically  compress  It  Into  an  area  as  much  as  f 
times  smaller  than  the  array  (Reference  4.6).  Actually  the  CPC  Is  a  non¬ 
imaging  light  funnel  as  shown  1n  Figure  4-20  that  derives  Its  characterlst 
optical  properties  from  the  specific  shape  of  the  external  wall,  which  Is 
specularly  reflecting. 
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P\lt*P  ARMY  OUrnTr  WWOY,  IMWr  INtAOV  TO  tui  -  JOUUl 


Figure  4.19  Q'switched  and  long-pulae  alab  perforoance 
(From  Reference  4.5) 
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Figure  ^.ZO  Path  of  a  ray  striking  the  surface  of  a  CPC  almost  tangentially. 

(  Ref. 


4.6) 


Th^  ideal  light  collector  Is  a  non-imaging  reflecting  wall  light  chann 
that  concentrates  a  divergent  beam  of  light  by  the  maximum  amount  allowed  b 
physical  principles. 

Figure  4-21  illustrates  the  concept  with  two  arrays  and  two  concentrat 
being  used  with  a  single  slab. 

Compound  Parabolic  Concentrators  (CPC's)  in  both  trough! Ike  and  coneli 
geometries  have  been  built  and  tested  for  solar  applications.  Such  devices 
can  achieve  a  concentration  ratio  (entrance  area/exit  area) 

X  ■  n/sinGjjjj^  (trough) 

7  7 

X  •  n  /sin  e„,^  (cone) 

fnaX 

where  is  the  angular  acceptance  (half  angle)  and  n  is  the  index  refrac 

InftX 

tion  of  the  collector  relative  to  the  surrounding  medium. 

Each  CPC  has  a  maximum  acceptance  angle,  i.e.,  an  angle  beyond  which  s 
or  all  of  the  radiation  entering  the  concentrator  is  multiply  reflected  and 
thereby  not  passed  by  the  CPC.  This  radiation  is  returned  back  to  the  diod 
array  and  doesn't  reach  the  slab. 

4.4  PERFORMANCE  MODELING 

In  order  to  determine  the  power  or  energy  requirements  of  the  laser  di 
array  for  a  desired  output,  the  laser  efficiency  must  be  known.  In  this 
section,  we  will  define  the  principal  elements  of  a  laser  diode  pumped  soli 
state  laser  that  contributes  to  overall  efficiency. 
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Figure  4.21  Slab  laser  pumped  by  cwo  diode  laser  arrays  which 
are  coupled  co  the  slab  by  cwo  CFCs. 

(Ref.  SAIC  pnposal  "Semiconductor  Diode  Pumped 
Solid  State  Lasers,  August  1986) 
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4.4.1  Energy  Conversion  Efficiencies 

The  energy  transfer  from  electrical  Input  to  the  laser  diodes  to  laser 
output  from  the  solid  state  medium  can  conveniently  be  expressed  as  a  three 
step  process: 

0  Conversion  of  electrical  input  to  the  laser  diode  array  to  pump 
radiation.  This  will  be  expressed  as  the  laser  diode  efficiency  ^ 

0  Transfer  of  pump  radiation  to  energy  in  the  upper  laser  level  of  tt- 
gain  medium  (upper  state  efficiency  rj^). 

0  Conversion  of  the  stored  upper  state  energy  into  useful  laser  outpi 
(expressed  as  output  efficiency  ^^^1. 

With  the  definitions  given  above,  we  can  write 
^out  “  ^  u  ^  out  ^EL 

where  is  the  laser  output  and  E^j^  is  the  electrical  input  Into  the  di< 
arrays. 

Each  of  the  efficiency  factors  given  above  include  several  contributi: 
elements  and  steps  which  are  involved  in  the  pump  and  lasing  process.  The 
parameters  which  determine  these  efficiencies  will  be  discussed  below  and 
specific  examples  will  be  given. 


a)  Laser  diode  efficiency 

From  the  standpoint  of  the  laser  designer  the  parameter  is  a  given 
and  depends  on  the  fabrication  process  of  the  laser  diodfes  or  arrays. 

The  rate  of  change  of  the  upper  laser  level,  assuming  no  stimulated 
emission,  is  given  by 


dN. 


dt 


N. 


NiWp  - 


(2) 


sp 
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where  and  are  the  population  densities  of  the  upper  and  ground  state,  Wp 
is  the  pumping  rate  and  T^p  is  the  spontaneous  decay  rate  of  the  upper  level. 

In  steady  state  the  upper  level  population  density  is  given  by 


""sp 


(3) 


The  stored  energy  density  in  the  upper  laser  level  is 


where  hvj^  is  the  energy  per  photon  of  the  solid  state  laser  output. 

The  upper  state  population  density  and  pumping  rate  can  be  related  to  the 
total  absorbed  pump  power 

^abs  " 

where  hVp  is  the  energy  per  photon  of  the  laser  diode  pump,  and  V  is  ^he 
volume  of  the  solid  laser  medium. 


Combining  equations  (2)  and  (3)  and  substituting  N  Wp  from  equation  (4) 
yields  for  the  stored  energy  oensity 


The  pump  power  absorbed  in  the  solid  state  laser  is  related  to  the  laser 
diode  output  power  Pq  as  follows: 

’’abs  • ’’o  -“‘’'X'"-’ 

where  ‘I'p  is  the  absorption  coefficient  of  the  diode  wavelength  in  the  solid 
state  medium,  i  is  the  path  length  of  the  pump  radiation  in  the  medium,  and  r 
summarizes  the  reflection  losses  occurring  between  the  pump  source  anrf  the 
solid  state  medium. 
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If  we  Introduce  equation  (7)  Into  (6)  and  note  that 


P 


0 


Ep/t 


0 


where  Ep  and  tp  are  the  laser  diode  energy  per  pulse  and  pulse  length, 
respectively  we  obtain 


Instead  of  the  energy  density  we  introduce  E^j  which  is  the  total  ener 
stored  in  the  upper  level 


Ejt  -  EjV  (10) 

We  win  examine  briefly  the  terms  of  equation  (9).  The  first  term  is 
Stokes  efficiency  which  accounts  for  the  photon  energy  ratio  of  the  laser  i 
pump  emission 

/ 

%  •  hV,_/hVp  (11) 

The  second  term  expresses  the  fraction  of  pump  power  remaining  prior 
extraction  by  the  Q-switched  pulse 

»/p  ■  V*o 

For  a  pump  pulse  longer  than  the  fluroescence  lifetime,  gain  Is  reduci 
because  of  the  depletion  of  the  upper  level  by  spontaneous  emission.  The 
two  terms  in  equation  (9)  determine  the  transfer  efficiency  from  the  pump 
array  into  the  active  medium. 


A  high  efficiency  Is  achieved  by  making  the  slab  thick  enough  to  absorb 
the  diode  radiation,  even  In  the  presence  of  tempertature  variations  In  the 
array.  Reflection  losses  and  spillover  losses  at  the  edges  of  the  active 
medium  expressed  by  the  parameter  r  have  to  be  minimized  for  efficient 
transfer  of  energy.  Equation  (9)  can  now  be  expressed  as  foilows 

Est-’|vVt’'()Eo  '‘♦I 

or 

EsT-’luEp  (15) 

We  did  add  Into  the  above  equation  t.he  quantum  efficiency which 
expresses  the  fraction  of  pump  photons  reaching  the  upper  laser  level. 

b)  Output  Efficiency 

Conversion  of  the  stored  upper  state  energy  Into  useful  laser  output 
depends  on  the  following  factors: 

The  spatial  overlap  of  the  resonator  modes  with  the  upper  state  inversion 
density  this  Is  usually  expressed  by  the  beam  fill  factor  Losses  due  to 

amplified  spontaneous  emission  (ASE)  will  reduce  the  available  stored  energy. 
ASE  losses  can  be  taken  Into  account  by  a  factor  p. 

In  Q-swItched  operation,  the  amount  of  stored  energy  extracted  by  the 
pulse  depends  on  the  Inversion  above  threshold  as  shown  in  Figure  4-22.  We 
will  express  the  fraction  of  energy  extracted  by  Optical  losses  L  In 

the  resonator  due  to  scattering,  absorption  or  reflection  further  diminishes 
the  laser  output.  It  Is 


1 

rj  . -  (16) 

1  +  L/  (l-Rj) 

where  Rj  Is  the  reflectivity  of  the  output  mirror.  The  efficiency  factors 
discussed  above  can  be  grouped  together 

ex’'  R 


4-45 


Figure 
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^•22.  Fractional  extraction  efficiency  for  a 
Q-switcned  laser  oscillator  vs  the 
nuaber  of  tiaes  above  threshold. 
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Therefore 


^OUT  *  ^OUT  ^ST 

After  having  discussed  the  various  steps  involved  in  the  pump  chain  of  a 
laser  diode  pumped  solid  state  laser,  we  will  give  specific  examples  for 
Nd:YA6  lasers  and  compare  different  pump  geometries  with  respect  to  these 
factors. 

4.4.2  Compari son 

Table  4-5  lists  the  individual  efficiency  factors,  discussed  in  the 
previous  section,  for  an  endpumped,  cylindrical  and  slab  NdrYAG  laser,  we 
will  first  discuss  the  factors  which  are  independent  of  the  particular  pump 
geometry.  The  quantum  efficiency  of  24  percent  was  chosen,  because  the  arrays 
incorporated  in  MDAC's  slab  laser  operate  at  this  efficiency.  More  recently, 
linear  arrays  based  on  GRIN-SCH  technology  produced  by  MDAC's  research 
facility  have  efficiencies  between  45  and  50  percent.  Clearly,  with  the 
incorporation  of  these  arrays  into  NdrYAG  lasers,  the  system  overall 
efficiency  listed  on  the  bottom  of  Table  4-5  will  double.. 

Laser  diode  pumped  solid  state  lasers  with  overall  efficiencies  of  10 
percent  and  above  are  within  reach.  The  Stokes  efficiency  ■  0.76  is  the 
energy  differrence  between  the  807  nm  pump  photon  and  the  1.064 wm  laser 
photon.  The  quantum  efficiency  rj  ^  for  NdrYAG  is  between  0.6  and  0.8 
according  to  recent  measurements  by  Shazer  (4.7).  In  the  pulsed  mode,  the 
diode  arrays  are  switched  on  the  off  at  a  time  shorter  or  equal  to  the 
fluorescence  lifetime  of  230  /isec,  therefore^P  »  1.  In  the  case  of  cw  or 
long  pulse  mode  operation,  ASE  losses  are  zero  and  the  extraction  efficiency 
is  very  high  as  indicated  in  the  table. 

The  major  differences  between  the  three  designs,  as  far  as  efficiency  is 
concerned,  are  in  the  area  of  beam  fill  factor,  resonator  losses  and  pump 
transfer  efficiency. 
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Clearly  the  endpumped  configuration  has  the  highest  beam  fill  factor  due 
to  an  almost  complete  overlap  of  the  col  11  near  pump  beam  and  the  resonator 
modes.  Beam  fill  factor  is  worse  in  the  slab  laser  due  to  pump  radiation 
spill-over,  edge  effects  etc.  which  are  characteristics  of  a  rectangular  pump 
geometry.  The  value  ofTjg«.75  Is  an  estimate,  based  on  the  gain  profile 
measurement  presented  In  Reference  (4.5).  Also  the  slab  design  has  high 
optical  losses  as  compared  to  the  other  configurations,  mainly  as  a  result  of 
scattering  losses  occurring  due  to  the  many  bounces  at  the  pump  faces. 

Introducing  a  reflectivity  of  R  ■  75.6  percent  and  a  measured  optical 
single  pass  loss  of  L  ■  6.3  percent  (Reference  4.5)  into  equation  16  yields 
Vf^  ■  0.79.  In  addition,  the  report  mentioned  that  substantially  higher  order 
mode  diffraction  losses  occurred  In  the  rectangular  slab.  The  value  of 

■  .65  Is  an  estimate  adjusted  to  yield  the  measured  overall  efficiency  of 
6.4  percent.  With  the  exception  of  reflection  losses  at  optical  surfaces  such 
as  windows  or  the  laser  medium,  and  spill  over  of  pump  radiation,  the  transfer 
efficiency  is  mainly  determined  by  the  absorption  of  pump  radiation  in  the 
Nd:YAG  crystal . 

For  laser  diode  pumping  of  Nd;YAG,  the  absorption  band  from  the  ground 
state  to  ^^5/2  ^^9/2  states  Is  of  interest. 

4 

The  absorption  coefficient  of  NdrYAG  for  the  transition  from  Iq,-  to 
4  2 

F5/2  and  Hg^2  ^  shown  in  Figure  4-23. 

For  a  spectral  width  of  about  20  A  the  absorption  coefficient  is  a” 
>^3.8cm''^.  For  a  bandwidth  of  54  A,  a  is  at  least  2.6  cm  and  the  average 
absorption  coefficient  i  s<x  »  3.2cm"^. 

The  pump  power  absorption  coefficient  for  nominally  1  percent  doped 

”  -1  ® 

Nd:YAG  at  807  nm  can  be  assumed  to  be  a  ^  «  3.2  cm  in  a  54  A  wide  band. 
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Figure  4.23  Absorptivity  of  Nd:YAG  near  810  nm 

(Ref.  B.  Zhou  et  al,  Optics  Lett.  vol.  iO, 
1985,  P.  62) 


WAVE  LC  NO’ x . nm 
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We  have  chosen  this  value,  because  the  diode  arrays  In  the  MOAC  laser  had 
a  bandwidth  of  40  A  FWm.  The  fraction  of  laser  diode  power  absorbed  vs. 
Nd:YA6  thickness  Is  listed  below: 


i/cm 

7T 

0.4 

0.72 

0.6 

0.85 

0.8 

0.92 

1.0 

0.96 

The  Nd:YAG  slab  of  the  MOAC  laser  Is  0.67  cm  thick  and  has  a  high  reflec¬ 
tance  coating  on  the  backface.  Therefore  virtually  all  diode  laser  energy  Is 
absorbed.  Since  the  pump  face  and  window  are  AR  coated  we  think  ^  ■  .95  Is 
a  good  estimate  for  the  transfer  efficiency.  The  5  percent  loss  accounts  for 
residual  reflections  on  the  window  and  slab  surface,  small  spill-over  losses 
of  radiation  not  entering  the  slab,  and  some  radiation  absorbed  by  the  back 
reflector.  The  endpumped  configuration,  due  to  the  long  path,  has  excellent 
transfer  efficiency.  The  sidepumped  geometry  Is  not  quite  as  efficient  In 
this  respect.  In  order  to  obtain  the  necessary  Inversion  for  high  output 
power,  the  rod  should  not  have  a  diameter  larger  than  4  or  5  mm. 

If  one  mounts  the  Nd:YAG  rod  In  a  semi  cylindrical  heat  sink  with 
backref lector  as  shown  In  Chapter  7,  then  the  path  length  Is  doubled  and  about 
90  percent  absorption  of  pump  radiation  should  be  possible. 

We  will  now  turn  our  attention  to  the  Q-swItched  performance  of  the  slab. 

The  extraction  efficiency  of  the  stored  energy  Increases  with  the  number 
of  times  about  threshold  gain  as  shown  1n  Figure  4-22.  For  example,  at  two 


times  threshold,  the  extraction  efficiency  reaches  80  percent.  The  round 
gain  at  threshold  Is  given  by 

_2gi-2a  i 
1  •  R,R2® 

where  i  Is  the  length  of  the  gain  medium  and  a  Is  the  optical  loss  coeffi¬ 
cient,  Rj  and  R2  are  the  reflectivities  of  the  front  and  rear  mirror.  Frc 
equation  follows  the  threshold  gain  coefficients: 

2ia-inRjR2 
9th  ■ - 

2i 

Using  again  the  MDAC  slab  laser  as  example,  we  Insert  the  following 
parameters  given  In  Reference  4.5  Into  the  equation  above: 

Zt  a  •  0.126  round  trip  absorption  and  scattering  losses 

Rj  ■  51.8  percent 

82"  1.0 

1  “8.9  total  pump  length  In  the  zig-rag  path. 


With  these  system  parameters  one  obtains 
9th  ■  0.044  cm“^ 

From  Figure  4-19  follows  that  the  system  is  pumped  2.4  times  above 
threshold,  which  yields 

9  .  -  0.10  cm‘^ 

max 

The  single  pass  gain  ■  exp  (gl)  Is  therefore  G  =  2.4. 
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This  value  1s  1n  good  agreement  with  the  measured  data  Figure  6-3  of 
Reference  4.5. 

In  Nd:YAG  a  1  percent  gain  per  cm  requires  a  stored  energy  density  of 
■  0.0031  J/cm^.  (Reference  4.8) 

Therefore  at  the  stored  energy  density  Is 
-  0.031  J/cm^ 

There  1s  an  upper  limit  of  the  gain  coefficient  which  can  be  achieved  1n 
Nd:YAG  before  ASE  starts  to  deplete  the  upper  level.  This  becomes  a  problem 
usually  If  the  single  pass  gluing  G  ■  exp  (gi)  exceeds  about  50,  or  gi  ■  4. 

The  product  of  gain  coefficient  times  the  path  length  In  the  slab  for  the 
100  mJ  laser  Is  well  below  the  ASE  limit. 

We  will  conclude  this  section  by  sunmarlzlng  the  salient  performance 
features  for  the  pump  geometries  described  In  this  chapter. 

The  largest  payoff  for  a11  designs  Is  an  Increase  In  diode  efficiency. 

In  the  case  of  the  slab  laser,  a  higher  diode  efficiency  will  not  'only 
Increase  system  efficiency  but  also  allow  higher  average  outputs,  because 
planar  arrays  have  a  power  dissipation  problem  v/hich  limits  their  average 
power  handling  capability. 

From  a  systems  point  of  view,  the  relatively  low  beam  fill  factor  and 
optical  losses  of  the  slab  laser  need  improvement.  In  the  sidepumped 
cylindrical  system,  absorption  of  pump  power  In  small  rods  even  In  the 
presence  of  a  back  reflector  Is  not  as  high  as  In  the  other  systems.  Optical 
losses  In  an  end  pumped  configuration  are  Important  because  at  the  lower  power 
and  therefore  low  gain  In  these  devices,  reesidual  optical  losses  are 
particularly  detrimental  to  laser  performance. 


From  the  standpoint  of  output  power  and  energy  the  end  pumped  geometry  Is 
limited  to  about  one  watt  or  less  of  output.  For  a  laser  ’•equiring  large 
pulse  energies,  the  high  power  density  afforded  by  planar  arrays  Is  needed. 

We  win  conclude  this  section  by  summarizing  the  salient  performance 
features  (besides  efficiency)  for  the  three  various  pump  geometries  described 
1n  this  chapter. 

In  the  slab  laser  the  higher  beam  fill  factor  and  the  optical  losses  are 
the  key  areas  which  need  Improvement  from  the  design  standpoint.  The  largest 
payoff  In  all  designs  is  an  Increase  In  diode  efficiency. 

Due  to  the  small  pumping  area,  the  end  pumped  system  is  limited  to  about 
one  watt. 

The  slab  Is  capable  of  high  energies  per  pulse.  The  side  pumped 
cylindrical  rod  yields  high  average  power  at  less  cost  and  complexity.  For 
high  energy  per  pulse,  the  high  pump  flux  afforded  by  planar  arrays  Is  needed. 

For  cw  power  operation  or  high  repetition  rate  operation  where  not  much 
energy  per  pulse  Is  required,  the  side  pumped  cylindrical  rod  yields  the  same 
or  better  performance  than  the  slab  laser  at  less  cost  and  complexity. 

Figure  4-24  shows  the  projected  power  and  energy  regimes  of  the  pump 
configuration  discussed  here. 

A  side  pumped  slab  laser  Is  clearly  the  choice  for  obtaining  high  pulse 
energies.  Heat  dissipation  from  the  planar  arrays  limits  the  average  power. 

A  slab  laser  with  flux  concentrator  Is  capable  of  higher  average  power 
compared  to  direct  pumping,  since  the  concentrator  allows  to  spread  the  arrays 
over  larger  area.  Since  planar  arrays  are  limited  by  heat  extraction,  linear 
arrays  employed  in  side  pumped  cylindrical  configurations  are  Just  as  powerful 
and  can  even  exceed  planar  arrays.  If  a  sidepumped  cylindrical  laser  is 
repetitively  Q«switched,  pulse  energies  of  up  to  4  nvJ  can  be  obtained  with 


99xnj/fa  ‘asxnj  aad  XSaau3 
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Figure  4 . 2A  Comparison  of  the  current  performance  of  different 


coninerc1a11y  available  linear  arrays.  This  would  be  for  a  pump  system 
consisting  of  20  linear  arrays  of  5W  output  each  generating  20W  average  po' 
from  the  laser.  At  a  5KHz  repetition  rate,  one  obtains  4  mj/pulse. 
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5.  COOLING  TECHNIQUES  {Task  4) 


In  Section  5.1  we  wi11  address  the  problem  of  achieving  compact,  high 
performance  forces  liquid  cooling  of  planar  and  linear  arrays.  The  advent  of 
high-density  planar  arrays  with  power  densities  of  IkW/cm  per  pulse  implies 
the  requirement  for  effective  and  compact  heat  removal  if  high  repetition 
rates  are  to  be  achieved. 

We  will  show  that  by  scaling  liquid-cooled  heat  exchange  technology  to 
microscopic  dimensions,  an  improvement  of  a  factor  of  five  should  be  feasible, 
i.e.  the  thermal  impedance  can  be  reduced  from  about  0.5  C/W/cm^  character¬ 
istic  of  current  design  to  0.1  ®C/W/cm^. 

In  Section  5.2  we  investigate  heat  dissipation  and  cooling  of  the  diode 
pumped  active  medium.  The  thermal  load  of  a  diode  pumped  laser  is  consi¬ 
derably  less  than  for  flashlamp  pumping.  In  order  to  take  advantage  of  the 
low  heat  load,  conductive  cooling  of  the  active  medium  is  very  desirable. 
Details  of  efficient  heat  conduction  techniques  for  laser  diode  pumped  slab  or 
cylindrical  solid  state  materials  will  be  presented. 

5.1  HIGH  PERFORMACNE  HEAT  SINKS  FOR  DIODE  LASER  ARRAYS 

Adequate  cooling  of  the  crystal  laser  arrays  is  required  for  several 
reasons.  At  around  room  temperature  the  life  of  a  typical  diode  laser 
decreases  by  a  factor  of  two  for  every  seven  to  ten  Celsuis  degrees  of 
Increase  in  temperature.  The  emission  wavelength  of  the  diode  lasers  changes 
with  temperature,  and  for  some  laser  materials  that  have  very  narrow  pumping 
bands,  this  may  impose  strict  requirements  on  the  tempeature  stabilization 
function  of  the  cooling  system.  Temperature  also  affects  the  threshold 
current  and  efficiency  of  the  arrays. 

The  thermal  design  of  a  diode  laser  pump  system  depends  very  strongly  on 
the  kind  of  opeating  mode.  Because  of  power  and  space  limitations,  diode 
laser  pump  systems  opeating  in  the  pulse  mode  with  low  duty  cycle  will  always 
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produce  low  average  heating  rates.  Under  this  condition  the  design  is  noi 
that  critical  in  terms  of  reduction  of  thermal  impedances.  The  situation 
much  more  difficult  when  the  system  operates  in  the  cw  mode.  Here  the  mir 
zation  of  thermal  impedances  is  of  paramount  importance,  and  it  is  therefc 
required  to  resort  to  some  unconventional  designs  that  will  be  presented 
in  this  section. 

In  a  diode  laser  the  heat  source  is  mainly  concentrated  in  the  active 
layer  region  and  around  the  intersection  of  this  layer  with  the  facets.  ( 
heating  is  distributed  along  the  current  path  through  the  crystal  and  over 
contact  areas.  In  a  well  designed  device  this  heating  source  is  not  the  r 
important  and  can  be  ignored.  Figure  5-1  shows  the  different  media  and 
components  in  the  path  of  the  heat  flow  from  the  active  layer  to  be  coolar 
and  Figure  5-2  shows  a  blow-up  of  a  particular  diode  laser  design,  taken 
Reference  5.1,  describing  similar  details. 

From  the  point  of  view  of  the  designer  the  diode  laser  can  be  fully 
characterized  by  its  geometry*  thermal  impedance  and  heat  dissipation  rat( 
Given  a  particular  laser  design  these  parameters  can  be  determined  by  mea; 
ments  or  calculations.  An  example  of  the  latter  method  is  presented  in 
Reference  5.1  for  the  determination  of  the  diode  thermal  impedance.  Cons- 
dering  the  particular  design  shown  in  Figure  5.2,  the  authors  calculated 
the  junction-down  configuration  a  thermal  impedance  of  20.6  K/W,  and  for 
junction-up  (with  the  substrate  on  the  heat  sink)  they  determined  a  value 
82.9  K/W.  It  is  reasonable  to  assume  that  a  stripe  of  the  dimensions  sho\ 
Figure  5-2  could  provide  an  output  of  about  50  mW  with  an  efficiency  of  4( 
percent.  In  this  case,  the  power  dissipated  by  the  diode  would  be  about 
and  the  temperature  at  the  junction  would  be,  for  the  junction-down  mount- 
20.6  X  0.075'  1.54  °C  larger  than  at  the  bound  layer,  which  is  not  very 
significant.  For  a  pulsed  system  it  may  also  be  important  to  determine  t! 
relaxation  time  of  the  active  layer  temperature.  However,  for  a  typical 
diode,  this  is  in  the  order  of  10  to  100  ns,  and  since  for  the  majority  o 
applications  the  pulse  length  required  is  larger  than  about  100  s,  this 
relaxation  time  can  be  Ignored. 
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Figure  5.1  Schematic  of  Heat  Sink  Structure  for  Cooling  of  Laser  Diode  Arrays 


CONTACT  - DH  LASER 


The  heat  sink  design  that  has  been  selected  most  often  in  the  past  for 
several  proposed  or  built  systems  operating  in  the  pulsed  mode  involved 
mounting  the  diode  in  metallized  BeO  slabs  that  are  stacked  together  and 
attached  to  a  heat  exchanger  or  are  bonded  directly  to  grooves  cut  on  the 
surface  of  the  heat  exchanger  (see  Figure  5-3).  BeO  has  a  high  thermal 
conductivity  (half  as  large  as  that  of  copper)  and  being  an  electrical 
insulator  has  the  advantage  of  simplifying  the  overall  assembly.  Furthermore, 
it  has  a  thermal  expansion  coefficient  not  much  larger  than  that  of  GaAs  and 
therefore  it  does  not  generate  as  much  thermal  stresses  in  the  diode  laser  as 
copper  for  example.  However,  for  high  average  power  applications,  where  the 
need  to  reduce  thermal  impedances  requires  mounting  the  diodes  directly  on  the 

heat  exchanger,  other  materials  and  design  concepts  are  required.  The  rest  of 

this  section  will  be  devoted  to  a  presentation  and  performance  analysis  of 
these  other  design  options. 

Most  of  the  diode  laser  linear  arrays  currently  in  the  market  are  mounted 

directly  on  copper  sinks  using  a  soft  bond  material  such  as  indium.  A  soft 

material  is  required  to  limit  the  thermal  stresses  produced  by  the  large 
difference  in  thermal  expansion  coefficient  between  copper  and  GaAs.  Indium 
also  has  the  advantagte  of  melting  at  low  temperatures,  therefore  reducing  the 
possibility  of  thermally  damaging  the  diode  lasers  during  mounting.  These 
thermal  sinks  are  of  large  dimensions  as  compared  to  the  sire  of  the  array  to 
reduce  the  thermal  impedance  of  the  assembly.  Type  II  diamond  has  a  thermal 
conductivity  five  times  as  large  as  that  of  copper  and  its  use  as  a  heat 
spreader  has  been  suggested  in  order  to  further  reduce  that  impedance  (see 
Reference  5.2).  The  use  of  a  silicon  submount  as  a  buffer  layer  to  absorb  the 
thermal  strain  differential  between  the  diode  and  a  copper  heatsink  has  also 
been  suggested  in  the  past  and  a  recent  study  (Reference  5.3)  has  shown  to 
produce  the  desired  effect  when  this  submount  is  adequately  sized.  However, 
silicon  has  a  low  thermal  conductivity,  and  its  use  tan  severely  degrade  the 
thermal  performance  of  the  whole  assembly. 

Area  arrays  built  by  stacking  linear  arrays  mounted  on  copper  slabs,  such 
as  illustrated  In  Figure  5-3,  have  to  be  cooled  by  contact  with  a  heat 
exchanger.  A  high  performance  heat  exchanger  capable  of  handling  fluxes  of  up 
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to  100  W  cm^  and  having  a  thermal  impedance  of  about  0.1  °C/W  for  a  1  cm^  area 
have  been  demonstrated  (Reference  5.4).  Figure  5-4  shows  the  basic  design  of 
this  heat  exchanger.  A  cooling  configuration  as  shown  in  Figure  5-3  could 
have  at  best  a  thermal  impedance  of  about  0.22  °C/W  for  a  1  cm^  area  without 
consideration  of  the  thermal  impedance  of  the  diodes  and  bond  layer.  If  the 
maximum  allowed  temperature  at  the  bonding  layer  is  60°C  and  the  water 
temperature  is  20°C  then  the  maximum  heat  dissipation  allowed  would  be  180  W. 

F'or  diode  laser  arrays  with  an  efficiency  of  40  percent  this  would  correspond 

2 

to  a  maximum  of  120  W/cm  of  pumping  radiation  flux  in  the  cw  mode.  Consi¬ 
dering  ogair  the  design  of  Figure  5-3  this  would  correspond  to  linear  arrays 
producing  6  W/cm.  State-of-the-art  linear  arrays  can  operate  in  the  cw  mode 
at  levels  several  times  that  level  of  output.  Current  developments  point  to 
the  feasibility  of  arrays  operating  reliably  and  with  acceptable  life  at  cw 
output  levels  of  25  W/cm. 

Obviously,  new  concepts  for  the  mounting  and  cooling  of  these  arrays  have 
to  be  developed. 

The  design  of  Figure  5-3  fails  in  providing  the  low  thermal  impedance 
required  for  high  flux  area  arrays  because  of  the  long  distance  between  the 
thermal  source  and  the  coolant  channels.  A  considerable  reduction  of  this 
impedance  can  be  achieved  if  the  coolant  channels  are  placed  immediately  under 
the  bond  layer  as  illustrated  in  Figures  5-5  and  5-6.  In  these  designs  the 
diodes  are  mounted  directly  on  miniature  heat  exchanger(s)  that  can  be  very 
conveniently  stacked.  Figure  5-7  shows  a  constructional  detail  for  the  kind 
of  mount  that  has  been  proposed  here.  A  simplified  thermal  analysis  for  this 
design  are  coalesced  into  a  single  one  occupying  the  same  width  as  all  of  them 
together  and  having  the  same  opening.  The  area  of  contact  with  the  coolant 
for  this  larger  passage  is  still  about  the  same  as  for  the  original  passages 
taken  together.  As  a  simplifying  assumption  the  convective  heat-transfer 


5-7 


V  /  vv'  ) 


Figure  5.4  High  performance  heat  exchanger 

(Ref.  R.  Byer,  private  cotmtiunication ) 
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Figure  5.5  Proposed  heat  sink  design 


Figure  3.6  Heat  sink  design  with  beam  deflecting  mirror 
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Figure  3.7  Construction  of  heat  exchanger  for  diode  laser  mounting  and  heat  sinking 


coefficient  h  is  taken  as  independent  of  the  wall  and  fluid  temperatures  a 
defined  as: 

h  -  Q/npL{T^-T^) 

where  Q  is  the  heat  flow,  and  are  the  wall  and  mean  fluid  temperatur 
respectively,  p  is  the  cross-sectional  perimeter  of  each  channel,  L  is  the 
channel  length  and  n  is  the  number  of  channels.  Furthermore,  the  temperat 
at  the  cold  edge  of  the  channel  is  assumed  to  be  the  coolant  fluid  tempera 
(this  would  actually  be  the  case  for  an  infinitely  wide  channel). 

For  a  one  cm  long  linear  array  generating  an  output  of  25  W  with  an 
efficiency  of  40  percent,  the  dissipated  power  is  37.5  W.  If  the  maximum 
temperature  rise  allowed  for  the  cooling  water  is  of  5  C,  then  a  flow  of  1 
cm  will  be  needed.  The  cross-sectional  area  of  the  four  coolant  channels 
Shown  in  Figure  5-8  is  of  0.0012  cm  .  Therefore,  the  coolant  fluid  mean 
velocity  will  be  about  1500  cm/s. 

The  determination  of  the  value  of  h  for  the  design  of  Figure  5-8  reqc 
the  following  definitions: 

Nu»hDg^^/k,  the  Nusselt  number,  a  dimensionless  heat  transfer 
coefficient; 

Pr«uCp/Kf,  the  Prandtl  number,  a  property  of  the  fluid  (Pr»6.4  for  v 
at  230; 

Re«v^Dg^^P/u  ,  the  Reynolds  number. 

Here  is  a  "characteristic  width"  of  the  channel,  defined  as 
(cross-sectional  area)/ (Perimeter  p).  The  terms  P,  Cp  and  denote 

respectively  the  viscosity,  thermal  conductivity,  density,  specific  heat, 
mean  velocity  of  the  coolant  fluid.  For  the  design  of  Figure  5-8  the  vali 
the  Reynolds  number  is  2250,  which  is  just  over  the  transition  value  of  21 
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tigure  3.8  Heat  sink  design  for  stackable  diode  laser  linear  array 

Actual  design  left,  and  idealized  geometry  used  for  analysis  (right) 


Therefore,  a  laminar  flow  will  be  assumed  for  the  calculation  of  h.  For 
calculating  Nu,  we  further  assume  that  the  flow  Is  “fully  developed,"  1 .t 
Invariant  along  the  channel  length  a  good  assumption  If  Pr  >  5,  a  Is  the 
for  most  liquids).  Then  Nu  Is  a  monotonically  descreaslng  function  of 
x/(Dg^^,  Re,  Pr)  where  x  Is  the  distance  from  the  entrance  of  the  channe' 
(0<x<L).  Asymptotic  formulas  are: 


for  Re  Pr)  <<  0.02 


Nu  =  NUqq,  a  constant,  for  Re  Pr)  >_  0.02 

"fully-developed  temperature  profile"). 


Not  knowing  a  priori  which  region  we  are  In,  we  conservatively  assui 
that  Nu  has  the  minimum,  asymptotic  (large  x)  value  Nu^^;  in  any  case  th- 
dependence  of  Nu  of  x  is  weak.  The  exact  value  of  Nu^^  depends  on  the  si 
of  the  channel  cross  section  but  is  usually  between  3  and  9. 

Thus  we  approximate  h*k^NUj^/D,  where  Nu^^  is  between  three  and  nine, 
result  is  consistent  with  an  intuitive  model  for  convection  in  which  the 
is  conducted  through  the  fluid  to  the  middle  of  the  channel,  where  it  is 
transported  away  by  the  flow.  For  a  given  coolant  fluid,  clearly  the  on 
to  significantly  increase  h  is  to  reduce  D.  Achieving  very  high  values 
therefore  requires  channels  of  microscopic  width. 

Assuming  Nu»9,  which  is  justified  for  a  Reynolds  number  of  2250,  th 
for  the  design  of  Figure  5-8,  h  ■  3.6  Mfcv\  Z,  and  the  thermal  impedance 
one  cm  wide  mount  results  "  1*9°C/W.  Considering  the  effect  of  t 

coolant  fluid  temperature  raise  as  equivalent  to  a  thermal  resistance  0. 

.1  ' 

(  iPCp)  ,  where  f  is  the  coolant  flow  rate  through  all  the  channels,  th 

total  thermal  impedance  of  the  heat  sink  design  of  Figure  5-8  results: 

^heatsink  '  ®mount  *  ®fluid  " 
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For  a  linear  array  dissipating  37.5  W/cm,  this  would  amount  to  a  temper¬ 
ature  differential  between  the  diodes  and  the  cooling  water  of  75°C. 

Assuming  a  stacking  density  of  20  linear  arrays  per  cm,  the  thermal 
impedance  of  a  one  cm^  assembly  will  be  0.1  °C/W,  which  is  the  same  value 
measured  for  the  high-performance  heat  sinking  design  of  Reference  5.4.  It  is 
possible  that  by  careful  optimization  of  the  design  of  Figure  5-8  this  thermal 
re‘si stance  could  be  rendered  even  lower.  However,  the  estimated  value  given 
above  is  already  showing  a  very  acceptable  performance  level  for  this  kind  of 
design.  In  fact,  if  a  more  realistic  value  of  40®C  for  the  temperature 
differential  between  diodes  and  cooling  water  is  considered,  then,  for  diode 
lasers  with  an  efficiency  of  40  percent,  the  cw  pumping  flux  could  reach  the 
value  of  270  W/cm^. 

To  complete  the  analysis  of  the  design  of  Figure  5-8  it  is  necessary  to 
evaluate  the  pressure  drop  along  the  channel  and  the  circulation  power.  For 
laminar  flow,  the  pressure  drop  Ap  across  a  channel  of  length  L  can  be 
calculated  using  the  following  expression: 


12  uL 


which  is  valid  for  flow  between  parallel  plates  and  is  only  approximately 
valid  for  the  moderately  high  aspect  ratio  channels  of  Figure  5-8.  With  the 
value  of  v^  estimated  earlier,  and  the  design  value  for  W^,  0.01  cm,  this 
pressure  drop  is  about  30  psi ,  a  very  reasonable  number.  The  circulation 
power  required  for  this  flow  condition  is  0.32  W,  which  is  almost  negligible 
compared  to  the  array  heat  dissipation  power. 

Copper  mounts  present  the  problem  of  the  disparity  in  thermal  expansion 
coefficient  with  the  material  of  the  diode  laser  arrays:  GaAs  (16.5  x  10*^/K 
for  copper  vs.  6.8  x  10*®/K  for  the  latter).  The  life  of  the  diode  laser 
arrays  is  strongly  affected  by  the  large  thermal  strains  developed  in  these 
assemblies  because  of  the  degradation  effects  generated  by  fast  multiplication 
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of  dislocations  through  the  climb  motion.  Dislocation  slip  induced  by  stri 
seems  to  be  the  primary  stage  of  the  degradation. 

There  is  no  easily  machineable  material  available  that  would  have  a 
thermal  expansion  coefficient  close  to  that  of  GaAs  and  still  show  the  lar; 
thermal  conductivity  of  copper.  There  is,  however,  the  possibility  of 
developing  metal  matrix  composite  materials  such  as  graphite  fiber/copper 
composites  that  would  allow  the  tailoring  of  the  expansion  coefficient  to 
match  that  of  the  diode  lasers  without  seriously  deteriorating  the  high 
thermal  conductivity  of  copper.  Aluminum,  magnesium,  titanium,  lead  and 
nickel  alloy  matrix  fiber  reinforced  composites  have  been  fabricated  at  Un- 
Technologies  Research  Center  since  1965.  This  longstanding,  and  highly 
effective,  basic  metal  matrix  com,  isite  technology  has  formed  the  foundatii 
for  extensive  exploratory  fabrication  of  gas  turbine  engine  components  as  ■ 
as  other  aerospace  related  hardware  items. 

In  sunnary,  we  have  shown  that  by  applying  liquid  cooled  heat  exchange 
technology  to  very  small  dimensions,  the  thermal  impedance  of  the  heat  sinf 
of  the  laser  diode  array  can  be  reduced  from  about  0.5°C/W/cm^  to  C.l°C/W/( 
This  implies  that  for  a  given  temperature  rise  allowed  in  the  diode  array, 
average  output  power  can  be  increased  five  fold.  The  complexity  of  the 
cooling  system  for  the  arrays  brought  about  by  a  very  high  packaging  densi 
is  greatly  reduced  if  the  arrays  can  stand-off  from  the  Nd:YA6  laser.  As 
mentioned  before,  compound  parabolic  concentrators  or  refractive  optics  cat 
employed  to  accomplish  this. 

Heat  dissipation  from  planar  arrays  becomes  the  limitation  in  high 
average  or  cw  operation.  The  problem  can  be  ameliorated  by  increasing  the 
efficiency  of  the  laser  arrays.  At  present,  conversion  efficiency  of  the 
planar  arrays  is  24  percent.  Therefore,  for  every  watt  emitted  3.2  W  are 
dissipated.  In  the  newest  GRIN-SHC  devices,  however,  conversion  efficienc. 
to  45  percent  can  be  achieved  routinely.  In  this  case,  only  1.2  watts  are 
dissipated  for  every  watt  emitted.  Thus,  the  average  emitted  power  could 
increased  a  factor  of  2.6  without  increasing  the  total  dissipated  power  by 
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being  able  to  reproducibly  achieve  45  percent  conversion  efficiency.  It  Is 
readily  apparent  that  treiTiendous  gains  In  average  output  power  can  be  made  by 
increasing  the  diode  efficiency  above  the  current  levels.  Such  Improvements 
would  be  crucial  in  applications  requiring  high  repetition  rates,  high  power 
density  or  where  high  conversion  ef  iciency  itself  is  a  primary  parameter. 

5.2  COOLING  OF  THE  SOLID  STATE  MATERIAL 

We  will  first  quantify  the  heat  load  that  the  laser  medium  must  accom¬ 
modate.  In  a  laser  diode  pumped  solid  state  medium,  as  opposed  to  a  flashlamp 
pumped  system,  the  only  sources  of  heat  are  due  to  the  quantum  defect  between 
the  energies  of  the  absorbed  pump  photon  and  the  laser  photon  (  n)  and  the 
fraction  of  photons  returning  from  the  pump  band  via  non  radiative  processes 
to  the  ground  state  {  VQ) . 

From  Section  4.3  we  obtain  for  the  stored  upper  state  energy: 


^ST  *  ^  Q  ^AB 

where  E^g  is  the  energy  absorbed  in  the  gain  medium. 

The  heat  dissipated  E^  in  the  laser  medium  is  given  by  the  fraction  of 
diode  pump  power  absorbed  but  not  radiated: 


AB 


It  is  customary  in  flashlamp  pumped  systems  to  express  the  thermal  energy 
as  a  fraction  of  the  upper  state  stored  energy,  i.e.: 


Eh  »  1-^v^P^O 

^ST  ^v  ^  Q 
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Introducing  the  values  for  NdrYAG  given  in  Section  4.4  »  0.76, 

TJp  »  1,  T/jj  «  0.8  we  obtain: 

_  •  0.64 

Est 

Since  the  stored  energy  and  laser  output  energy  are  related  by  * 
^OUT  ^ST  *  laser  diode  pumped  NdrYAG  laser  has  a  typical  value  of  q, 
0.46  (see  Table  4>5).  We  obtain  also: 

-  «  1.4 

^OUT 

It  is  instructive  to  compare  these  ratios  with  those  obtained  in 
flashlamp  pumped  Nd:YAG  lasers. 

Kangir  et  al  .  (5.4)  experimentally  determined  the  energy  stored  and  t 
heat  generated  in  flashlamp  pumped  NdrYAG.  They  found  that  the  heat  depos 
percent  stored  energy  is  1.5-2  times  the  value  expected  from  the  known  spe 
troscopy  of  the  Nd  ions  in  these  hosts  and  the  emission  spectrum  of  xenon 
flashlamps. 

In  flashlamps  pumping,  there  are  other  absorption  processes  which  can 
heat  the  laser  host  without  contributing  to  pumping  the  F2/2  level  of  the 
ions.  These  include  UV  absorption  by  the  host,  absorption  of  IR  from  the 
flashlamp  (  X>  1.1  am)  by  the  Nd  ion,  absorption  by  impurity  ions,  which 
not  transfer  this  energy  to  Nd  ions.  The  measured  value  of  heat  deposited 
unit  stored  energy  in  a  flashlamp  pumped  NdrYAG  laser  is: 

-  =  3.25 
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and  using  the  same  value  for  we  obtain 

- •  7.1 

^OUT 

In  other  words,  in  a  flash! amp  pumped  system,  the  Nd:YA6  crystal  has  to 
dissipate  five  times  the  heat  as  compared  to  a  laser  diode  array  pumped  laser. 
For  example,  only  70  W  of  heat  has  to  be  dissipated  in  a  diode  pumped  YAG 
laser  with  50  W  average  output  power,  as  compared  to  355  W  for  the  case  of  a 
flashlamp  pumped  system. 

”  DIODE  ,  Q  2 

^HLAMP 

The  Nd;YAG  slab  or  rod  can  be  conduction  cooled  by  attaching  it  to  a  heat 
sink,  or  it  can  be  gas  or  liquid  cooled. 

For  laser  diode  pumped  Nd:YAG  systems,  conduction  cooling  is  attractive 
for  a  number  of  reasons:  the  heat  load  is  considerably  lower  compared  to 
flashlamp  pumping,  a  cooling  jacket  and  flow  passages  are  eliminated  in  the 
pump  path  thus  increasing  efficiency,  and  the  design  is  simplified. 

The  thermal  load  of  the  laser  medium  is  only  a  fraction  of  that  of  the 
laser  diode  array.  Therefore  the  heat  sink  design  is  not  as  stressing.  The 
following  example  will  illustrate  this  difference.  We  assume  that  the  MDAC 
slab  laser  discussed  in  Section  4.3  is  operated  at  100  Hz.  Since  the  energy 
per  pulse  is  100  mj  and  the  efficiency  is  6.4  percent  in  long  pulse  mode,  the 
laser  has  an  ave'^age  output  of  10  W  and  requires  an  electrical  input  power  of 
156  W.  Diode  efficiency  is  24  percent;  therefore,  119  W  has  to  be  dissipated 
by  the  diode  array  heat  sink.  Since  the  array  area  is  3.85  cm,  we  obtain 

p 

31  W/cm  .  According  to  our  previous  calculations  a  laser  diode  pumped  NdiYAG 
system  with  10  W  output  will  generate  14  W  of  heat  in  the  active  medium. 
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For  the  single  side  pumped  slab  laser,  bonded  to  a  heat  sink  on  one  ■ 

2 

this  amounts  to  3.6  A/cin  . 

The  heat  dissipation  in  the  planar  array  is  8  times  that  in  the  Nd:Y/ 
slab.  A  steady  state  thermal  analysis  of  a  conduction  cooled  slab  or  rod 
be  partitioned  into  the  following  elements: 

t  Temperature  iradient  and  profile  in  the  laser  medium 
•  Temperature  drop  across  inter  ?  of  laser  medium  and  heat  sink 
.  •  Temperature  gradient  in  the  htat  sink. 

The  temperature  difference  froin  the  cooled  edge  to  the  pumped  edge  o 
Nd:YAG  slab  is  given  by: 

P  d 


where  d  is  the  slab  thickness,  load,  A  surface  area,  K  thermal  conduct! vi 

2  2 
With  Pj^  »  3.6  W/cm  from  our  previous  example,  and  with  A  «  3.85  cm  , 

k  «  0.13  W/°Kcm,  and  d  ■  0.67  cm 
we  obtain:  ^T,  »  !8.5®C 

In  a  cylindrical  geometry  the  temperature  gradient  for  the  rod  cente 
to  the  surface  for  uniform  heat  generation  is  given  by 


where  L  is  the  rod  length.  If  the  rod  is  cooled  one  half  of  its  surface 
as  shown  in  Figure  7-2,  a  reasonable  approximation  is  to  multiply  AT^ 
in  order  to  obtain  the  temperature  drop  across  the  rod. 
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The  Interface  between  the  Nd:YAG  crystal  and  the  heat  sink  usually 
consists  of  a  highly  reflective  gold  or  silver  coating  and  a  solder  such  as 
indium  or  gallium  or  a  silver  epoxy  between  the  crystal  and  the  heat  rod.  - 

The  Nd:YA6  crystal  is  usually  bonded  or  soldered  to  a  copper  heat  sink  by 
means  of  silver  epoxy,  indium  or  gallium.  In  addition  a  highly  reflective 
gold  or  silver  coating  is  applied  to  the  crystal  surface  which  is  in  contact 
with  the  hea>.  sink.  This  metal  coating  reflects  the  diode  laser  pump 
radiation  back  into  the  Nd:YA6  crystal  and  provides  good  thermal  contact.  In 
the  case  of  a  zig-zag  slab  laser,  a  thick  dielectric  coating  of  Si02,  MgF2  has 
to  be  applied  to  slab  followed  by  a  coating  of  silver,  copper  and  gold. 

The  dielectric  laye**  allows  total  internal  reflection  without  the  field 
penetrating  to  the  silver  layer.  The  silver  reflects  the  diode  laser  pump 
light  back  into  the  Nd:YAG  slab  and  provides  good  thermal  contact.  The  copper 
and  gold  layers  protect  the  silver  and  eventually  are  contacted  to  the  heat 
sink. 


A  NdrYAG  rod  has  to  be  mounted  in  a  carefully  machined  saddle  of  the  heat 
sink  as  shown  in  Figure  5-9.  The  attachment  to  the  heat  sink  is  the  same  as 
that  outlined  above  for  the  slab,  although  no  dielectric  coating  is  needed. 

The  temperature  rise  across  the  boundary  is  given  by  the  equation: 


where  is  the  heat  flow  rate,  is  the  boundary  thickness,  A  is  the 
surface  area,  and  k  is  the  thermal  conductivity. 

As  an  example,  for  a  silver  filled  epoxy  resin  with  a  thermal  conduc¬ 
tivity  k  »  1.6  W/®C  cm  and  a  layer  thickness  of  X  »  0.1  mm  we  find 
ilT2  »  0.02°C  for  the  slab  laser  considered  here. 


Niobium 
Heat  Sink 


All  of  the  heat  input  can  be  assumed  to  be  transferred  to  the  heat  sink. 
The  temperature  gradient  within  the  heat  sink  Is  given  by 


P 


H  d 


kA 


where  d  Is  the  thickness  of  the  heat  sink  with  d"5  im,  and  k*4  w/on/K  for 
% 

copper  and  P^^  and  A  as  before  we  obtain 
0.45®C 

As  Illustrated  in  this  example,  the  largest  temperature  gradient  occurs 
in  the  active  medium,  and  the  temperature  drop  across  the  boundary  and  within 
the  heat  sink  can  be  neglected. 
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6.  RESONATOR  DESIGNS  (Task  4) 


A  large  amount  of  research  has  been  devoted  in  the  recent  past  to  the 
design  of  new  optical  resonator  configurations,  which  could  optimize  the 
efficiency  of  energy  extraction  from  solid  state  lasers.  In  fact,  operation 
with  stable  cavities  in  TEMqq  mode,  while  producing  a  beam  with  a  smooth  and 
well -control led  spatial  profile,  results  in  a  poor  filling  of  the  active 
volume  and  hence  in  a  large  waste  of  the  stored  energy.  Recent  developments 
can  be  divided  into  the  following  two  optical  designs:  stable  telescopic  or 
concave-convex  resonators  and  unstable  resonators.  Both  schemes  were  exten¬ 
sively  studied  and  experimentally  tested  and  found  also  commercial  exploita¬ 
tions,  exhibiting  somewhat  competing  characteristics.  (References  1-8) 

In  stable  telescopic  resonators  a  magnifying  telescope  is  added  to  a 
conventional  stable  cavity  to  expand  the  mode  cross  section  in  the  arm  of  the 
cavity  where  the  field  interacts  with  the  active  medium.  In  the  concave- 
convex  resonator,  the  same  effect  is  achieved  by  the  particular  choice  of 
mirror  curvature  and  resonator  length.  In  both  cases,  the  beam  quality 
remains  good,  but  the  mode  volume  is  still  limited,  for  the  TEMqq  mode. 
Furthermore,  at  the  highest  intensities,  damage  problems  arise  for  the  optical 
elements  in  the  resonator  section  where  the  beam  gets  its  smaller  dimension. 

On  the  other  hand,  the  unstable  resonators  have  become  very  popular  in 
their  confocal  positive  branch  realization  and  provide  the  greatest  energy 
extraction,  but  the  field  they  produce  presents  a  strongly  structured  spatial 
Shape  and  the  resonator  is  very  unforgiving  in  terms  of  alignment  tolerances. 

In  the  large  number  of  publications  dealing  with  unstable  resonators  that 
followed  the  pioneering  work  by  Slegman  (1),  very  little  attention  has  been 
paid,  both  theoretically  and  experimentally,  to  the  subject  of  confocal 
negative  branch  configurations. 
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The  main  explanation  is  found  in  the  unattractive  presence  of  a  foca 
point  inside  the  cavity,  which  can  give  rise  to  air  breakdown  or  to  damag* 
optical  elements  in  its  neighborhood.  Actually  a  few  reports  have  occasi 
ly  appeared  describing  the  operation  of  negative  branch  unstable  resonato 
conjunction  with  dye  and  solid  state  lasers  but  those  results  did  not 
stimulate  further  developments  in  this  direction. 

On  the  other  hand  the  negative  branch  unstable  resonator  exhibits  so. 
unique  attracting  features:  First,  they  possess  an  intrinsically  higher 
misalignment  tolerance  in  comparison  with  equivalent  positive  branch  sche 
Second,  if  an  aperature  stop  is  located  at  the  focal  point  a  much  smoothe 
output  profile  can  be  achieved  as  compared  to  a  positive  branch  unstable 
resonator. 

Currently,  flashlamp  pumped,  as  well  as  laser  diode  pumped  slab  lase 
employ  confocal  positive  branch  resonators.  A  description  of  the  main 
characteristics  of  this  class  of  resonators  is  given  in  subsection  6.1.1. 
subsection  6.1.2  we  will  assess  the  pros  and  cons  of  employing  confocal 
negative  branch  resonators  for  laser  diode  pumped  slab  lasers.  For  syste 
having  low  gain,  such  as  a  CW  laser  diode  pumped  Nd:YAG  laser  the  stable 
resonator  is  a  clear  choice.  The  concave-convex  and  the  telescopic  reson 
will  be  discussed  in  subsections  6,2.1  and  6.2.2,  respectively. 

6.1  UNSTABLE  RESONATORS 

1  2 

The  unstable  resonator  first  described  by  Siegman  ’  has  been  studie 
extensively  both  theoretically  and  experimentally.  Excellent  reviews  are 
found  in  references  3  and  4.  The  most  useful  property  of  an  unstable 
resonator  is  the  attainment  of  a  large  fundamental  mode  volme  and  good  sp 
mode  selection  at  high  Fresnel  numbers.  In  other  words,  unstable  resonat 
can  produce  output  beams  of  low  divergence  in  a  short  resonator  structure 
which  has  a  large  cross-section. 

The  stable  resonator,  whose  mirror  configuration  corresponds  to  a  st 
periodic  focusing  system,  has  a  long  slender  Gaussian-profile  lowest-orde 
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mode  whose  diameter  is  of  the  order  of  a  few  times  (LX  )l/2.  If  the  diameter 
of  the  laser  medium  is  2a,  then  the  area  ratio  of  the  laser  medium  cross 

section  to  the  lowest-mode  cross  section  is  of  the  same  order  as  the  Fresnel 

2 

number  Np»a  /Lx  characterizing  the  laser  medium.  If  this  Fresnel  number  is 
much  larger  than  unity,  the  lowest-order  mode  will  extract  only  a  fraction 
.  »1/Np  of  the  energy  available  in  the  laser  medium,  and/or  the  laser  must 
oscillate  in  a  sizable  number  of  higher-order  modes  to  extract  all  the  energy 
fhom  the  laser  medium. 

Therefore  in  order  to  produce  a  diffraction-limited  output  beam,  the 
Fresnel  number  of  the  laser  must  be  on  the  order  of  unity  or  smaller.  This 
usually  limits  the  diameter  of  the  laser  gain  medium  to  a  few  millimeters. 

The  lowest-order  mode  in  the  unstable  resonator,  by  contrast,  since  the 
unstable  resonator  corresponds  to  a  divergent  periodic  focusing  system, 
expands  on  repeated  bounces  to  fill  the  entire  cross  section  of  at  least  one 
of  the  laser  mirrors,  however  large  it  may  be. 

An  unstable  resonator  may  be  used  to  obtain  a  nearly  diffraction-limited 
output  beam  from  a  large-diameter  gain  medium  which  has  reasonable  high  round- 
trip  gain:  2GQLg>1.5,  where  is  the  small-signal  gain  per  unit  length  and 
Lg  is  the  length  of  the  gain  medium.  The  light  rays  in  an  unstable  resonator 
walk  outward  from  the  center  of  the  laser. 

The  laser  output  is  taken  as  a  diffraction-coupled  beam  passing  around 
rather  than  through  the  output  mirror.  An  output  beam  from  an  unstable 
resonator  usually  has  an  annular  or  rectangular-annular  intensity  pattern  in 
the  near  field. 

Iimnediately  following  its  invention,  the  significance  of  the  unstable 
resonator  was  recognized  for  the  extraction  of  diffraction  limited  energy  from 
large  volume  gas  lasers.  ’  However,  only  recently  have  unstable  resonators 
been  applied  to  solid  state  laser  systems.  There  are  a  number  of  reasons  for 
this  slow  acceptance.  The  laser  medium  must  be  of  high  optical  quality,  for 
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an  unstable  resonator  to  be  effective.  This  requirement  has  limited  appll 
tions  of  unstable  resonators  primarily  to  gas  lasers  because  the  time-  and 
power-dependent  thermal  distortions  occurring  in  solid  state  lasers  make  t 
type  of  resonator  unattractive. 

In  addition,  the  output  coupler  of  an  unstable  resonator,  having  the 
dimensions  of  a  few  millimeters  In  typical  solid  state  lasers.  Is  much  mor 
expensive  and  difficult  to  fabricate  in  comparison  to  a  partially  transmit 
mirror  required  for  a  stable  resonator. 

Furthermore,  the  alignment  tolerance  of  an  unstable  resonator  is  more 
critical  compared  to  its  stable  counterpart  and  the  advantage  of  a  large  rr 
volume  is  achieved  at  a  sacrifice  of  mode  quality  because  of  aperture 
generated  Fresnel  fringes.  The  output  from  a  solid  state  laser  Is  often 
passed  through  amplifier  stages,  or  the  oscillator  may  be  followed  by  a 
harmonic  generator.  The  near  field  beam  pattern  of  an  unstable  resonator 
which  consists  of  a  doughnut  shaped  beam  with  diffraction  rings  and  a  hot 
in  the  center  Is  not  very  attractive  in  these  applications. 

As  we  will  discuss  later,  several  new  designs  have  been  successful  1r 
circumventing  some  of  these  shortcomings. 

About  10  years  after  its  discovery,  Byer  et  al.^’®  applied  the  unstat 
resonator  concept  for  the  first  time  to  a  Q-swItched  Nd:YAG  oscillator/ 
amplifier  system.  They  did  achieve  a  marked  improvement  in  Nd:YAG  output 
energy  in  a  diffraction  limited  mode. 

Despite  these  earlier  demonstrations  of  the  concept,  the  limited  des 
flexibility  brought  about  by  the  somewhat  cumbersome  output  coupling  of  tl 
unstable  resonator,  and  Its  poor  tolerance  to  mirror  alignment  and  optica 
quality  of  the  laser  medium,  dldnot  make  It  an  Instant  favorite  among  sol- 
state  laser  designers.  Most- commercially  available  solid  state  lasers  st' 
have  stable  resonators. 
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A  stimulus  for  further  study  and  research  on  employing  unstable 
resonators  for  solid  lasers  was  provided  by  the  zig-tag  slab  laser.  These 
structures,  having  a  narrow  rectangular  cross  section  and  an  optical  beam  with 
very  few  distortions,  are  ideally  suited  for  unstable  resonators.  Today,  most 
flashlamp  pumped  and  laser  diode  pumped  solid  state  slab  lasers  employ 
unstable  resonators.  As  a  result  of  this  activity,  several  commercially 
available  flashlamp  pumped  Nd:YAG  rod  systems  also  feature  an  unstable 
resonator. 

The  most  useful  form  of  unstable  resonator  Is  the  confocal  unstable 

7  8 

resonator,  introduced  by  Anan'ev  et  al .  and  by  Krupke  and  Sooy  .  A  primary 
advantage  of  this  configuration  is  that  It  automatically  produces  a  collimated 
output  beam.  Confocal  configurations  can  be  divided  Into  positive  and 
negative  branches  as  shown  In  Figure  6-1.  The  negative  branch  confocal 
configuration  has  significant  practical  advantages  in  the  form  of  more  easily 
obtainable  shorter-radius  mirros  and  considerably  easier  mirror  alignment 
tolerances.  However,  the  positive-branch  resonator  seems  to  be  universally 
employed  in  practice  because  the  internal  focal  point  In  the  negative-branch 
case  leads  to  unacceptable  difficulties  with  optical  breakdown. 

In  analogy  to  high  energy  lasers  utilizing  unstable  resonators  the  output 
coupling  can  be  accomplished  by  means  of  a  scraper  mirror  or  edge  coupler. 
Figure  6-2  shows  relevant  adaptations  for  solid  state  lasers. 

Figure  6-2a  illustrates  an  unstable  resonator  with  an  output  scraper 
mirror.  It  is  Inclined  at  an  angle  of  45®  to  the  resonator  axis  and  has  a 
hole  in  its  center  which  allows  light  to  pass  through  It  and  be  fed  back  Into 
the  resonator  to  sustain  the  lasing.  Because  the  end  mirrors  and  sc**aper  are 
oversize,  this  hole  determines  the  size  and  shape  of  the  beam  outcoupled  from 
the  resonator. 

Figure  t-2b  shows  the  design  of  a  typical  positive-branch,  confocal 
.unstable  resonator.  This  design  usually  consists  of  a  concave  mirror  and  a 
polka-dot  convex  output  mirror  M2,  both  of  which  are  totally  reflecting.  The 
polka-dot  is  a  small  circular  spot  of  radius  d  centered  on  a  zero-power  lens. 
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POSITIVE  branch 


Figure  6. 


1  Positive-  and  negative-branch  confocal  stable 
resonators 
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(B)  A  SMAll  MIRROR  OUT-GOUPlINO  SCHEME 


The  output  beam  Is  collimated  as  it  exits  the  resonator  around  the  edges  ( 
the  polka-dot  mirror. 


While  these  two  output  coupling  techniques  are  borrowed  from  high  ent 
lasers  the  designs  mentioned  below  are  more  germane  to  the  design  of  soli( 
state  lasers.  In  an  attempt  to  eliminate  the  Fresnel  diffraction  fringes 
which  can  cause  damage  to  optical  elements  in  the  output  of  the  laser,  the 
radial  birefringent  element  and  apodized  or  soft  aperture  designs  have  bet 
developed. 

The  radial  birefringent  element  is  based  on  a  radial  variation  of  phi 
retardation  in  a  radial  birefringent  element,  when  combined  with  a  polari; 
form  a  radial  intensity  filter,  which  permits  realization  of  Gaussian-1 ike 
reflectance  mirrors  and  soft  apertures. 

The  design  of  birefringent  elements  and  their  incorporation  into  uns‘ 
.resonators  is  discussed  in  detail  in  References  9-11. 

In  its  simplest  form,  it  is  a  lens  of  birefringent  material.  When  a 
polarized  optical  beam  passes  through  the  lens,  the  radial  variation  in 
thickness  of  the  lens  creates  a  radial  variation  in  the  polarization  of  tl 
optical  beam.  If  the  beam  then  passes  through  a  polarizer,  the  radial  vai 
tion  in  polarization  is  converted  into  a  variation  in  the  beam  intensity. 
Thus  the  combination  of  a  radial  birefringent  element  and  a  polarizer  forr 
radial  intensity  filter  which  provides  the  capability  for  smoothly  modula' 
the  intensity  profile  of  an  optical  beam. 

Each  radial  birefringent  element  has  essentially  three  parameters  th; 
determine  the  modulation  profile  of  the  beam,  the  center  thickness,  the  r. 
of  curvature,  and  the  angle  between  the  principal  axis  and  a  polarization 
axis.  The  first  two  parameters  are  set  at  the  time  of  fabrication,  and  V 
third  is  varied  as  the  need  arises.  Although  a  single-element  can  be  des 
to  generate  many  useful  profiles,  multielement  radial  birefringent  elemen 
can  generate  a  much  larger  set  of  modulation  profiles. 


A  schematic  of  the  radial  birefrlngent  element  resonator  is  shc"'n  in 
Figure  6-3a.  The  reflectance  profile  is  shown  In  Figure  6-3b.  As  one  can  see 
from  the  curves  the  resonator  has  a  flat  topped  Intensity  profile  that  Is  free 
from  Fresnel  fringes. 

Figure  6-4  shows  a  design  in  which  the  output  coupling  Is  accomplished 
via  a  Q-switch  and  polarizer.  An  apodized  aperture  eliminates  Fresnel 
diffraction  rings.  A  different  output  coupler  is  shown  In  Figure  6-5.  The 
schematic  shows  a  negative  branch  unstable  resonator  featuring  an  Internal 
aperture  which  has  a  diameter  designed  to  remove  diffraction  rings  from  the 
near  field  beam  pattern.  A  quarter  waveplate  and  a  polarizer  provide  the 
output  coupling. 

6.1.1  Confocal  Positive  Branch  Unstable  Resonator 

The  confocal  positive  branch  unstable  resonator  Is  the  most  widely  used 
form  of  the  unstable  resonator  for  solid  state  lasers.  It  avoids  a  focal 
point  In  the  beam  and  produces  a  collimated  output  beam.  It  has  the  disadvan¬ 
tages  of  a  hole  in  the  center  with  resultant  Fresnel  fringes  unless  either  an 
apodized  aperture  or  a  radial  birefringent  element  is  employed  as  output 
coupler. 

The  design  of  a  confocal  positive  branch  unstable  resonator  which  takes 
Into  account  thermal  lensing  of  the  laser  rod  Is  discussed  in  References  6.12. 

Referring  to  Figure  6-1  the  annular  output  beam  has  an  outer  diameter  of 
D  and  Inner  diameter  d,  where  d  is  also  the  diameter  of  the  output  coupler. 

The  resonator  magnification 

M  -  D/d  (I) 

is  the  amount  that  the  feedback  beam  is  magnified  when  it  travels  a  round  trip 
in  the  resonator  and  becomes  the  output  beam. 
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-■?ure  6.3a)  Radial  birefringent  element  within  an  unstabl 
resonator 

(Giuliani  et  al.  Optics  Letters,  Volume  5, 
Nov.  1980,  P.  A91) 
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Figure  6.3  b)  Reflectance  profiles  of  a  2  element -radial 

birefringent  element 

(Giuliani  et  al .  Optics  Letters,  Volume  5, 
Nov.  1980,  P.  491) 
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Figure  6. A  Confocol  unstable  resonator  for  slab  laser  (McDonnell  Douglas) 
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Figure  6.5  Negative  Branch  Unstable  Resonator 
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The  geometrical  output  coupling  is  related  to  the  magnification  M  by 


1 


(2) 


For  a  confocal  resonator,  the  mirror  radii  are  given  by 


-2L 

R,  » -  (3) 

M-1 


2ML 

R,  - -  (4) 

^  M-1 


Where  L  is  the  cavity  optical  length  and  Rj  and  R2  are  the  output  and 
back-cavity  mirror  curvatures.  Note  that  the  output  mirror  has  a  negative 
curvature  and  thus  is  convex,  while  the  high-reflection  mirror  has  positive 
curvature  and  is  concave. 

siegman  (3)  has  investigated  the  relationship  between  M  and  the  output 
coupling  S  for  confocal  unstable  resonators  and  has  shown  that  5  is  less  than 
geometrically  predicted  value  (1  -  1/M^).  Resonators  should  be  designed  to 
operate  at  half-integer  equivalent  Fresnel  numbers  (N^^)  to  obtain  best  mode 
selectivity.  Equations  relating  M  and  $  under  these  conditions  lead  to  the 

1.445-  0.445  ^  -  0.5) 

SR 

1.065-  .065  ^  (N^„  «  1.5)  (5) 

eq 

For  positive  branch  confocal  unstable  resonators: 

M-1 


following  expressions 
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where  is  the  conventional  Fresnel  number  defined  by  the  resonator  lengt 
and  mode  diameter  d  by: 

Np  =  D^/4LX  (7) 

Physically,  the  half-integer  equivalent  Fresnel  numbers  correspond  tc 
Fresnel  diffraction  peaks  centered  on  the  output  coupler,  leading  to  incre 
feedback  into  the  resonator. 

The  design  of  an  unstable  resonator  usually  proceeds  along  the  follov 
lines:  The  diameter  0  of  the  laser  rod  and  the  radius  F^  of  the  output 
coupler  are  considered  as  given.  The  other  parameters,  cavity  length,  bac 
mirror  curvature  and  output  coupling,  then  can  be  calculated  for  selected 
half-integer  values  of  i.e.  *  0.5,  1.5,  2.5 - 

For  example,  the  resonator  length  is  obtained  on  eliminating  M  from  € 
3  and  6.  One  obtains: 

L  •  -l/2jRjl  +  l/40C!Rj!/{  (8) 

Once  L  Is  known  M  can  be  calculated  from  eq.  3,  and  subsequently  R^  a 
5g  can  be  determined.  The  actual  value  5a  of  the  output  coupling  can  be 
obtained  from  eq.  5. 

Since  M  1s  the  dominant  factor,  determining  the  stability  and  efficle 
of  the  system,  the  procedure  described  above  usually  has  to  be  repeated 
several  times  until  the  right  value  of  M  Is  obtained. 

The  value  of  M  has  to  b,e  consistent  with  the  gain  and  loss  expected  i 
the  system. 

As  a  final  step  one  has  to  take  Into  account  the  effect  of  the  laser 
focal  length  f  as  shown  schematically  In  Figure  6-2.  One  usually  chooses 
available  mirror  curvature  R2  and  calculates  the  rod  focal  length  at  the 
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desired  lamp  Input  power  required  to  achieve  an  effective  mirror  curvature 
R2EFF*  mirror  to  rod  distance  Is  less  than  the  rod  focal  length,  then 


Essentially  the  focusing  effect  of  the  laser  rod  Is  compensated  hy 
Increasing  the  radius  of  curvature  of  the  mirror. 

Equation  9  Is  only  a  first  order  approximation,  a  more  rigorous  treatment 
Is  found  In  Ref.  12. 

6.1.2  Negative  Branch  Unstable  Resonators 

Due  to  the  presence  of  an  Intra-cavity  focal  point,  the  negative-branch 
resonator  has  been  neglected  In  practical  laser  applications.  Despite  the 
potential  problem  of  air  breakdown  this  resonator  merits  consideration  for 
laser  diode  pumped  systems  due  to  Its  unique  feature  of  relatively  large 
misalignment  tolerances. 

Ewanizky  et  al .  (13)  found  that  their  Q-swltched  Nd:YAG  laser  featuring 
negative  branch  unstable  resonator  was  not  signficantly  degraded  with  a  mirror 
misalignment  angle  of  as  much  as  a  few  mllllradlans.  In  a  similar  system  air 
breakdown  was  not  experienced  for  Q-swltched  pulses  In  the  order  of  170  ml  and 
12  nsec,  pulse  length. 

Therefore,  for  small  laser  diode  pumped  solid  state  lasers,  typical  of 
rangefinders  and  target  designators  with  peak  powers  not  exceeding  5-10  MW,  It 
Is  conceivable  that  a  negative  branch  unstable  resonator  could  be  employed. 

The  design  parameters  for  a  negative  branch  resonator  of  the  type  shown 
in  Figure  6-6  are: 

Rj  ■  2L/(M-H)  (10) 
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Output 


Figure  6.6  Arrangement  of  a 
resonator 


Rg  -  2ML(M+1)  (11) 

where  L  Is  the  confocal  resonator  length 

L  •  Rj/2  ♦  R^/S  (12) 

and  M  1s  the  optical  magnification 

M  •  Rg/Rj  (13) 

The  aperture  diameter  of  the  output  mirror  Is 

d  ■  0/M  (14) 


Recently,  a  variation  of  the  negative  branch  unstable  resonator  was 
described  by  Gobbi  et  al .  (14)  The  design  Is  based  on  the  proper  choice  for 
the  size  of  the  field  limiting  aperture  d  located  at  the  connon  focal  plane  of 
the  mirror.  If  the  aperture  is  chosen  such  that  a  plane  wave  incident  on  it 
Is  focused  by  mirror  to  an  Airy  disk  having  the  same  diameter  d,  then  this 
results  1n  the  removal  of  the  hot  spot  Inside  the  cavity  and  In  a  smoothing  of 
the  spatial  profile. 

If  the  aperture  diameter  d  is  chosen  such  that 

d  -  2(0.61  X  fj)^^^  (15) 

where  fj  *  Fj/2,  then  only  the  Airy  disk  Is  allowed  to  propagate  beyond  the 
aperture,  and  on  reflection  from  the  mirror  M2,  it  is  magnified,  collimated, 
and  presented  Fourier  transformed  at  the  aperture  plane  ready  to  start  another 
similar  cycle. 

The  radius  at  which  the  beam  gets  zero  amplitude  is  not  determined  by  the 
geometrical  magnification  M,  but  an  effective  magnification  imposed  by 
diffraction. 
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•  1.5M  •  1.5  fg/fj  (16) 

where 

The  diameter  of  the  collimated  beam  passing  through  the  laser  crystal 

D  •  d.  (17) 

By  adding  the  constraint  on  the  aperture  size  that  it  match  the  Airy 
disk,  the  usual  hot  spot  in  the  focal  plane  is  completely  removed  by  diffr 
tion.  Actually  the  combination  of  aperture  d  and  mirror  acts  on  the 
resonator  field  as  a  low-pass  spatial  filter.  This  accounts  for  the 
smoothness  of  the  field  profile. 

The  disadvantage  of  this  design  is  the  limited  value  of  D  which  can  t 
achieved  in  practical  systems.  In  order  to  fill  a  large  active  volume  wit 
diameter  0,  such  for  example  a  slab  laser,  either  or  d  has  to  be  larc 
(See  Equation  17).  In  order  for  d  to  be  large,  it  follows  from  eq.  15  the 
has  to  be  large  which  in  turn  leads  to  a  long  resonator.  A  large 
requires  a  very  high  gain  material,  for  example  a  Q-switched  Nd:YAG  Oscil¬ 
lator.  The  authors  reported  a  beam  diameter  of  D»4.8  mm  inside  the  laser 
This  required  a  resonator  of  125  cm  in  length  and  a  magnification  of  M=4. 
order  to  achieve  the  high  gain  required  for  this  design  the  laser  was  pumi 
2.5  times  above  threshold. 

Another  interesting  feature  of  this  design  is  the  beam  extraction  fre 
the  resonator.  Instead  of  a  tilted  scraper  mirror  as  shown  in  Figure  6-6 
beam  extraction  was  achieved  by  means  of  a  polarization  coupling  scheme, 
employing  a  polarizer  and  a  quarter  wave  plate  as  shown  in  Figure  6-5. 

6.2  STABLE  RESONATOR 

For  solid  state  lasers  with  low  gain,  or  for  systems  where  a  Gaussiar 
profile  in  the  near  field  is  required,  the  stable  resonator  is  the  only 
choice.  Almost  all  laser  applications  require  a  small  beam  divergence,  ei 
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to  obtain  a  small  spot  size  at  a  large  range,  or  a  high  power  density  at  the 
focal  plane  of  a  bias.  Therefore,  the  challenge  in  designing  a  stable 
resonator  is  to  maximize  low  order  mode  power  extraction.  More  specifically 
we  can  establish  the  following  design  criteria: 

•  The  diameter  of  the  TEM--  mode  should  be  limited  by  the  active 
material 

,  •  The  resonator  should  be  dynamically  stable,  i.e.  insensitive  to  pump- 

induced  fluctuations  of  the  rod  focal  length. 

•  The  resonator  modes  should  be  fairly  insensitive  to  mechanical 
misalignments. 

Lasers  operating  in  the  fundamental  mode  usually  require  the  insertion  of 
an  aperture  in  the  resonator  to  prevent  oscillations  of  higher-order  modes. 

In  this  case,  the  efficiency  of  the  laser  is  generally  lower,  compared  with 
multimode  operation,  due  to  the  small  volume  of  active  material  involved  in 
the  laser  action.  Large-diameter  TEMqq  modes  can  be  obtained  using  special 
resonator  configurations,  but,  if  proper  design  criteria  are  not  applied,  the 
resonator  becomes  quite  sensitive  to  small  perturbations  in  the  mirror  curva¬ 
tures  and  in  the  alignment.  Also,  in  solid  state  lasers,  thermal  focusing  of 
the  rod  greatly  modifies  the  modes  and  the  pump-induced  fluctuations  of  the 
focal  length  may  strongly  perturb  the  laser  output,  even  preventing  any 
practical  or  reliable  use  of  the  laser. 

For  efficient  exploitation  of  the  rod  of  a  solid  state  laser  operating  in 
the  fundamental  mode,  two  conflicting  problems  have  to  be  solved.  The  mode 
volume  in  the  rod  has  to  be  maximized,  but  the  resonator  should  remain  as 
insensitive  as  possible  to  focal  length  and  alignment  perturbations.  Early 
solutions  proposed  compensation  of  the  thermal  lens  by  a  convex  mirror  or  by 
negative  lenses  ground  at  the  ends  of  the  rod  that  exactly  eliminate  the 
focusing  effect  of  the  rod.  With  these  methods  high  power  in  a  nonomode  beam 
can  be  obtained;  the  compensation,  however,  is  effective  only  for  one  partic¬ 
ular  value  of  the  focal  length.  Large  fundamental  mode  volume  and  good 
stability  against  thermal  lens  fluctuations  have  been  achieved  by  a  particular 
choice  of  mirror  curvatures  or  by  insertion  of  a  telescope  in  the  resonator. 
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In  the  f^'llowlng  section  we  will  discuss  these  two  approaches  which 
to  the  design  of  convex-concave  or  telescopic  resonators. 

6.2.1  The  Concave-Convex  Resonator 

The  design  procedure  for  resonators  known  as  dynamic  stable,  in  whi' 
fluctuation  of  the  mode  volume  in  the  rod  is  kept  under  control  by  an  ap 
priate  choice  of  mirror  curvatures,  has  been  developed  originally  by  Ste 
et  al.^^  An  expansion  of  this  earlier  work  was  published  more  recently 
Kortz^®,  Magni^^  and  Silverstri^® .  The  design  approaches  are  based  on  a 
evaluation  of  stable  resonators  with  an  internal  focusing  element  that 
represents  the  laser  rod  under  CW  or  high  repetition  rate  pumping.  The 
criteria  applied  in  these  investigations,  namely  to  maximize  TEMqq  mode 
in  the  active  material,  yet  maintaining  the  resonator  insensitive  to  mec 
cal  ana  optical  perturbations  leads  to  a  set  of  equations  which  allow  th 
calculation  of  the  resonator  parameters.  Specifically  the  design  criter 
require  that  changes  in  beam  diameter  are  minimized  for  large  variation 
focal  length. 

The  design  resulted  in  standard  convex-concave  resonators  where  the 
maximum  mode  volume  allowed  by  diffraction  losses  imposed  by  the  rod  ape 
has  been  achieved. 

In  a  stable  resonator,  the  waves  which  propagate  between  the  two 
reflectors  are  refocused,  i.e.  they  bounce  back  and  forth  without  spreac 
appreciably. 

This  fact  can  be  expressed  by  a  stability  criterion 


0  </i  -  i- \/i  -L  \  <  1 


(18) 


To  show  graphically  which  type  of  resonator  is  stable  and  which  is 
unstable,  it  is  useful  to  plot  a  stability  diagram  on  which  each  parti cu 
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resonator  geometry  is  represented  by  a  point.  This  is  shown  in  Figure  6-7, 
where  the  parameters 


9l 


L 


92 


(19) 


are  drawn  as  the  coordinate  axes.  A11  configurations  are  unstable  unless  they 
correspond  to  points  lying  in  the  area  enclosed  by  a  branch  of  the  hyperbola 
gjg2  »  1  and  the  coordinate  axes. 


In  any  resonator,  the  mode  spot  size  at  one  mirror  can  be  expressed 

as  a  function  of  the  resonator  parameters 


w 
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gjd  -  gjg2) 


(20) 


The  ratio  of  the  spot  sizes  at  the  two  mirrors  is 


2  g 

wl  »  2.  (21) 

“7  r 

w2  1 


The  stability  condition  (e.g.  Equation  18)  remains  unchanged. 

Beam  properties  of  resonators  containing  internal  optical  elements  are 
described  in  terms  of  an  equivalent  resonator  composed  of  only  two  mirrors. 
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Figure  6.7  Stability  diagram  for  the  paaalve 
resonator 

(Ref.  W.  Koechner,  Solid  State  Laser  Engineering, 
Spring  Verlag,  1976) 
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The  pertinent  parameters  of  a  resonator  equivalent  to  one  with  an  internal 
thin  lens  are 

4  4  4  4 

g,  «  —  -  —  ;  - —  ,  (22a) 

^  f  Rj  2  ^4 

where:  •  Lj  ♦  L2  -  (L^Lg/f)  {22b) 

aftd  f  is  the  focal  length  of  the  internal  lens;  and  L2  are  the  spacings 
between  mirrors  M2  and  the  lens  as  shown  in  Figure  6-8. 

As  an  example  we  will  consider  a  resonator  with  flat  mirrors  {Rj»R2*00) 
and  a  thin  lens  in  the  center  (Lj«L2*L/2).  From  equation  22  we  obtain 


L 

9  ■  Qi  “  9?  1  -  —  ,  (23) 

^  2f 


w^  .  w^  •  ^  (1 

TT 


(24) 


For  f«00  the  resonator  configuration  is  plane-parallel;  for  f»L/2  we 
©•■tain  the  equivalent  of  a  confocal  resonator;  and  for  f«L/4  the  resonator 
corresponds  to  a  spherical  configuration. 

Figure  6-8  shows  the  location  of  a  plane-parallel  resonator  with  an 
internal  lens  of  variable  focal  length  in  the  stability  diagram. 

Considering  first  the  resonator's  sensitivity  to  lensing  effects,  we  note 
that  a  resonator  is  insensitive  to  axial  perturbations  if  the  spot  size  w^  is 
insensitive  to  changes  of  and  g2.  A  calculation  of  the  relative  sensitivi¬ 
ties  of  various  resonators  to  small  changes  in  mirror  radii  is  equivalent  to 
the  introduction  of  a  lens  of  some  focal  length  f.  In  order  for  the  resonator 
to  have  a  low  sensitivity  to  axial  perturbations,  i.e.  small  spot  size  changes 
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(•I  (b) 

Figure  6.8  Geometry  e)  and  stability  diagram  of 

rcoonator  containing  a  thin  positive 

(Ref.  W.  Koechner,  Solid  State  Laser  Engineering, 
Spring  Verlag,  1976) 
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for  large  changes  of  g^  and  g2,  it  1s  necessary  that  dw^/df  ■  0.  This  condl 
tion  1s  met  for  resonator  geometries  which  satisfy  the  following  equation. 


292^1  ■  ^ 


ZSlLj 

+ - ■  0. 


(25) 


One  particular  resonator  satisfying  Is  determined  by 


1 

hh  '■1  ■ 


(26) 


In  this  case  the  Internal  lens  Is  either  absent  or  loctcd  at  the  surface 
of  mirror  R^.  Figure  6-9  shows  the  resonator  stability  d1ag  H»^.  curves  of 
constant  TEMqq  mode  spot  sizes.  The  curves  which  are  obtained  f  ofn  equation 
25,  reveal  that  the  spot  size  Is  fairly  Insensitive  to  variations  of  gl  and 
g2  for  resonator  configurations  which  can  be  represented  by  points  on  the 
hyperbola  gjg2  •  0.5.  Note,  that  large  spot  sizes  Wj  are  obtained  for 
resonators  with  large  g2  values.  From  Equation  22  follows  that  In  order  for 
g2>l,  the  radius  of  curvature  of  mirror  R2  has  to  become  negative,  which 
Indicates  a  convex  mirror  according  to  our  labeling  convention. 

As  an  example,  we  will  calculate  the  resonator  parameters  for  a 
dynamically  stable  concave-convex  resonator  with  a  weekly  thermally  focusing 
rod.  The  situation  Is  probably  typical  for  a  Nd:YaG  crystal  side  pumped  with 
laser  diodes.  The  following  assumptions  are  made: 

f»6m,  0“5mm,  Lj»0.1m,  12*0.7  m 

where  f  Is  the  thermally  Induced  focal  length  of  the  laser  rod,  D  Is  the 
diameter  of  the  laser  rod  and  and  L2  are  the  distances  to  the  front  and 
rear  mirror. 
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Figure  6.9  Resonator  stability  diagram  with  curves  for 
constant  mode  size 


(Ref.  J.  Steften  et  al,  IEEE  J.  Quantum  Electr.  QE-8, 
1972,  P,  239) 


If  we  want  to  make  the  laser  rod  the  limiting  aperture  for  TEMqq  mode 
operation,  we  require  about  D»4wj.  Therefore 

Wj«1.25  mm 

Introducing  the  stability  criterion  (Equation  26)  Into  the  expression  for 
the  spot  size  (Equation  20)  one  obtains 

wr  ■  k  Lq/  Trgj  (27) 

from  this  equation  follows 

gj  -  0.16 

The  other  parameters  follow  from  Equations  21  and  22. 

g2*3.12 

Lp*78.8cm 

Rj*l.lm 

R2*-0.36  m 

W2*0.28  im 

Figure  6>10  shows  the  schematic  of  the  resonator.  As  can  be  seen,  the 
mode  size  Is  very  small  on  the  convex  mirror  and  expands  towards  the  concave 
mirror,  with  the  laser  rod  being  the  limiting  aperture. 

Recently  resonators  with  an  Internal  lens  representing  thermal  effects  In 
a  pumped  laser  rod  have  been  thoroughly  analyzed  In  an  entirely  general  way. 

It  has  been  shown  that,  as  a  function  of  the  dioptric  power  of  the  lens,  two 
stability  zones  of  the  same  width  exist  within  which  the  mode  spot  size  on  the 
lens  always  presents  a  minimum  in  both  zones.  Corresponding  to  this  minimum, 
the  output  power  is  Insensitive  to  the  focal  length  fluctuations,  and  the  mode 
volume  Inside  the  rod  1s  Inversely  proportional  to  the  width  of  the  stability 
zones  and  hence  approximately  proportional  to  the  range  of  Input  power  for 
which  the  resonator  1s  stable.  (Ref.  17,  18) 
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R2“  -0.36  m  I  R]^*  1.1  m 

W2-  0.28caa  f-6m  w^-  1.25nim 

Figure  6.10  Concave-convex  resonator  for  a  weakly  focuss 
laser  rod. 


6-28 


These  design  criteria  provide  equations  which  allow  the  calculation  of 
the  resonator  parameters,  namely,  the  two-mirror  radii,  of  curvature  (Rj,  R2) 
and  the  two  distances  of  the  mirrors  from  the  rod.  As  an  example.  Figure  6-11 
shows  the  parameters  of  optimized  resonators  for  typical  CW  Nd;YAG  lasers. 

From  this  figure  the  values  of  the  curvature  radii  and  the  position  of  the  rod 
can  be  readily  obtained  for  a  given  focal  length  and  for  a  given  spot  size  of 
the  mode  in  the  rod. 

The  parameters  used  in  these  curves  are  defined  as  follows:  R^,  R^  — 
radii  of  curvature  of  the  mirror,  positive  if  concave,  Lj,  Lj  distance  between 
the  mirrors  and  the  principal  plane  of  the  rod;  f  is  the  focal  length  of  the 
rod.  The  distance  from  the  end  of  the  rod  to  the  principal  plane  is  H»l/2nQ. 

Figure  6-12  shows  a  resonator  design  based  on  the  results  presented  in 
Figure  6.11.  We  assume  mode  radius  of  im  in  the  active  medium.  This 

is  the  optimum  mode  radices  for  a  6  nw  diameter  rod.  The  length  of  resonator 
is  given  as  150  cm. 

For  a  focal  length  of  f»17  cm  (1/f  »  6  m'M  we  obtain  Rj»-14cm,  R2»55  cm 
and  Lj^«130. 

6.2.2  Telescopic  Resonator 

19  20  21 

Hanns  et  al .  ’  and  Sarkies  ,  reported  using  a  telescope  in  an  Nd:YaG 

resonator,  see  Figure  6-13.  An  attractive  feature  of  the  telescope  is  that  it 
allows  easily  controllable  adjustment  to  compensate  thermal  Tensing  under 
varied  pumping  conditions.  Also  the  telescopic  resonator  avoids  the  very 
small  spot  on  the  convex  mirror  of  the  convex-concave  mirror  design.  This  is 
particularly  important  at  the  high  power  levels  typical  for  Q-switched  Nd:YaG 
lasers. 

By  introducing  a  suitably  adjusted  telescope  into  a  Q-switched  Nd:YaG 
laser  resonator,  the  investigators  mentioned  above  have  been  able  to  obtain 
reliable  operation  with  a  large-volume  TEWqq  mode.  The  basic  principle  behind 
the  resonator  design  is  that  of  choosing  a  telescope  adjustment  which 
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compensates  the  thermal  lensing  1n  the  laser  **od  (thus  permitting  a  large  spot 
size)  and  at  the  same  time  ensuring  that  the  spot  size  Is  Insensitive  to 
fluctuations  In  focal  length  of  the  thermal  lens. 

The  telescope  performs  two  distinctly  separate  functions.  Firstly,  It 
reduces  the  size  of  the  beam  to  Increase  the  diffraction  per  unit  length. 

Since  the  beam  size  on  the  Input  side  is  always  the  same  as  the  rod  diameter, 
the  diffraction  Is  constant  and  dependent  only  on  the  telescope  magnification. 
Aperture  at  the  telescope  output  is  set  to  be  D/M  where  D  Is  the  rod  diameter. 
Secondly,  the  telescope  Is  an  element  of  variable  focal  length.  It  can 
therefore  be  adjusted  to  place  the  resonator  anywhere  on  the  stability 
diagram.  Because  the  ratio  cf  the  diffraction  losses  of  the  higher  order 
modes  to  the  lower  order  modes  Increases  as  the  telescope  output  beam 
decreases,  the  telescope  can  be  adjusted  to  ensure  that  modes  above  a  certain 
order  do  not  reach  threshold.  Thus  the  mode  selection  process  Is  controlled 
by  two  telescope  parameters,  the  magnification  M  and  the  focal  length  f. 
Clearly  sufficient  mode  selection  can  be  achieved  by  either  parameter  alone, 
but,  on  the  one  hand  too  high  a  magnification  may  result  In  a  very  high  power 
density  In  the  feedback  beam  which  could  exceed  the  damage  threshold  of  the 
components.  On  the  other  hand  too  much  bias  Introduced  by  the  telescope  could 
result  In  a  laser  threshold  that  Is  very  high.  Thus  the  correct  balance  must 
be  established  to  ensure  optim'im  operation. 

The  telescope  adjustment  is  chosen  to  minimize  the  effect  of  focal  length 
variations  In  the  laser  rod  and  at  the  same  time  ensures  the  optimum  mode- 
selection  properties  of  a  confocal  resonator.  Hanna  et  al .  (19)  performed  a 
detailed  analysis  of  the  telescopic  resonator.  The  analysis  yielded  simple 
design  equations  relating  the  mode  spot  sizes,  resonator  length,  telescope 
magnification  and  defocusing  and  diffraction  losses.  A  short  sumnary  of  the 
key  design  parameters  is  given  below. 

One  can  best  understand  the  role  of  the  telescope  by  considering,  for 
simplicity,  a  short  telescope  of  magnlflcatln  M  (where  f^  *  -Mf^)  located 
close  to  the  laser  rod.  Thus  the  lens  focal  lengths  are  taken  to  be  short 
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compared  to  the  resonator  length.  It  can  be  shown  that  for  small  defocusi 

of  the  telescope,  1.e.6<<  fj,  the  telescope  has  two  main  effects:  it  cha 

the  beam  spot  size  by  a  factor  —  M  and  it  changes  the  wavefront  curvature 

though  it  consisted  of  a  single  lens  of  focal  length  fj  ■  ~f^f2^/8  •  Tl’us 

telescope  can  be  adjusted  to  achieve  compensation  of  the  thermal  lens  fp  t 

making  f -j-  »  -  where  f  now  refers  to  the  focal  length  resulting  from  U 

combination  of  fp  and  f^j,,  i.e.  l/f'»l/f^+l/f^.  The  effect  of  the  magnific 

tion  M  is  to  modify  the  condition  for  insensitivity  of  spot  size  to  variai 

of  fR.  This  becomes  f/M  *L  where  f  is  the  focal  length  resulting  from  thf 

combination  of  fT,  fp  and  f^  i.e.  1/f  »  1/fj  +  I/f.  The  spot  size  in  tht 

laser  rod  is  again  given  by  W,  »  M(2L  X/  which  can  also  be  written  i 

1/2  ^ 

*  M(2L  x/r)  .  Thus  introducing  the  correctly  adjusted  telescope  allows 

same  large  mode  volume  in  the  laser  rod  to  be  maintained  but  with  a  reduct 

2 

of  cavity  length  by  M  .  The  main  limitation  of  this  approach  is  that  it 
exposes  components  in  the  reduced  beam  to  higher  intensity  and  thus  greats 
damage  risk. 


The  authors  have  presented  some  of  their  key  findings  in  graphical  f( 
Figure  6-14  shows  the  results  of  spot-size  versus  telescope  defocusi ng 
corresponding  to  a  particular  resonator.  The  main  feature  is  the  broad 
minimum  for  spot  size  in  the  laser  rod  (upper  curve),  implying  insensitiv 
of  spot-size  5  .  Note  that  a  change  of  5  with  fp  fixed  is  equivalent  to 
change  of  fp  (due  to  changed  pump  conditions)  with  5  fixed,  since  both 
correspond  to  a  change  of  combined  focal  length  f.  Thus  Figure  6-14  also 
represents  a  plot  of  spot  size  versus  fp.  The  minimum  of  the  upper  curve 
therefore  implies  insensitivity  to  fluctuations  in  fp.  The  desired  opera 
point  is  at  the  bottom  of  this  minimum  and  the  telescope  must  therefore  b^ 
defocused  by  the  correct  amount  to  ensure  this.  In  arriving  at  a  resonato 
design  the  main  parameters  to  be  chosen  are  spot-size  w^,  in  the  laser  ro 
resonator  length  L  and  magnification  M. 

These  parameters  are  interrelated  as  follows; 

Wj  »  M(2L  A/r-  )^/^  »  (  Xf/ 
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(  From  Ref.  21 ) 


■ I  I  ■  ■  ■  ■  I  I  ■ 

eSfrOr*  <0  4r> 
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Figure  6.14  Spot  size  versus  defocussing  of  telescope 
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Wj  Is  chosen  for  best  utilization  of  the  laser  medium.  For  a  9  mm  r 
diameter,  the  authors  selected  Wj-2.5  mm  to  be  optimum.  With  chosen  t 
choice  of  values  for  L  and  M  is  made  to  give  an  acceptable  compromise  bet 
a  small  M  and  hence  an  Inconveniently  large  L  or  small  L  and  hence  large 
which  may  then  lead  to  excessive  intensity  in  the  contracted  beam.  When  L 
hence  M)  have  been  chosen  the  value  of  f  is  fixed  (f«2M  L  for  the  simpllf 
resonator)  and  this  in  turn  fixes  8  through  the  relations  1/f  ■  1/f.j.  +  1 
1/f^  and  fy  ■  f2/5  •  assumes  fj^  to  be  known,  f|^  'Js  usually  determln 
passing  a  HeNe  laser  beam  through  the  laser  rod  and  measuring  the  beam  wa 
at  the  desired  pump  level. 

A  circular  aperture  to  select  the  TEMqq  mode  is  Inserted  and  centere 
In  practice  we  have  found  that  the  aperture  diameter  should  be  —  15  time 
calculated  spot  diameter  at  the  point  of  Insertion  to  ensure  suppression 
the  mode. 

6.3  COMPARISON 

The  prime  resonator  configurations  for  laser  diode  pumped  solid  stat 
lasers  are  the  confocal  positive  or  negative  branch  unstable  resonator  an 
covnex-concave  or  telescopic  stable  resonator.  The  particular  choice  dep 
on  the  gain  of  the  solid  state  laser  material,  the  beam  quality  requireme 
and  the  particular  size  and  shape  of  the  active  material.  The  positive  b 
unstable  resonator  has  the  great  advantage  that  it  can  be  designed  to  fll 
large  active  medium  in  either  a  cylindrical  or  a  rectangular  geometry.  I 
the  most  widely  used  resonator  for  slab  lasers.  The  disadvantage  of  this 
of  resonator  is  the  hole  In  the  center  and  diffraction  rings  In  the  beam 
profile  which  are  typical  of  polka-dot  or  scraper  mirror  designs.  At  the 
expense  of  a  more  complicated  design,  apodized  aperture  and  radially  bire 
fringent  elements  can  be  used  to  reduce  these  effects.  Compared  to  the  o 
configurations  mentioned  above,  the  positive  branch  unstable  resonator  is 
design  which  is  most  sensitive  to  mechanical  and  optical  perturbation.  T 
negative  branch  unstable  resonator  has  a  considerably  higher  stability  to 
misalignment  and  thermal  lehsing  effects.  However,  due  to  the  Internal  f 
the  design  is  useful  only  for  lasers  with  peak  powers  less  than  10  MW.  A 
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modified  negative  branch  unstable  resonator  employs  a  pinhole  at  the  focal 
point.  The  diameter  is  such  that  only  the  Airy  disk  of  the  diffraction 
pattern  is  transmitted.  This  design  leads  to  a  very  smooth  output  profile  in 
combination  with  a  high  alignment  tolerance.  Both  unstable  resonator  config¬ 
urations  are  not  suitable  when  the  gain  becomes  very  low.  This  may  be  the 
case  in  CW  pumped  solid  state  lasers,  particularly  In  materials  with  a  lower 
gain  as  compared  to  Nd:YaG.  In  these  cases  a  stable  resonator  with  a 
goncave-convex  mirror  configuration  or  containing  a  telescope  will  have  to  be 
used.  Recent  advances  In  stable  resonator  design  for  solid  state  lasers  have 
been  directed  at  finding  regions  where  the  structure  is  Insensitive  to  change 
of  the  focal  length  of  the  laser  rod.  Thermal  lensing  Is  a  design  parameter 
in  these  dynamic  stable  resonators.  The  choice  between  the  convex-concave  and 
the  telescopic  resonator  is  not  easy  to  make.  The  former  has  the  advantage 
that  it  uses  no  additional  optical  eluents  on  the  other  hand,  the  telescope 
required  in  the  latter  design  provides  a  convenient  way  of  optimizing  the 
resonator  for  different  operating  conditions. 
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7.  SPECIFIC  CW  LASER  DESIGN 


In  this  section  we  will  bring  together  the  various  system  elements 
discussed  In  the  report  In  order  to  design  a  highly  efficient  solid  state 
laser  for  underwater  Illumination.  Our  design  goal  is  an  average  output  power 
of  three  watts  in  the  green,  and  a  wall  plug  efficiency  of  at  least  1.51. 

*  The  performance  of  a  diode  laser  pumped  Nd:YAG  laser  system  with  second 
harmonic  conversion  to  the  green  depends  upon  detailed  design  choices  for  each 
sub- system. 

7.1  SYSTEH  CONFIGURATION 

Several  critical  design  choices  have  to  be  made  with  regard  to  the  diode 
array  pump  configuration,  resonator  design  and  harmonic  generation. 

The  power  regime  of  this  laser  made  the  side  pumped  cylindrical  rod  a 
clear  choice.  A  diode  laser  array  configuration  and  performance  is  identified 
that  is  within  current  capabilities  of  several  vendors.  One  of  the  key 
technical  Issues  to  be  resolved  is  the  selection  of  an  efficient  doubling 
method.  We  considered  the  following  approaches  for  the  CW  pumped  laser: 

•  Intracavity  doubling 

•  Repetitively  Q-switched  plus  intracavity  doubling 

•  Model ocked  with  internal  or  external  doubling 

The  intracavity  power  density  is  low  in  a  CW  laser;  therefore,  the  beam 
has  to  be  tightly  focused  into  the  nonlinear  crystal  for  efficient  conversion. 
In  addition,  the  doubling  crystal  must  have  a  high  nonlinearity.  Most  often 
used  with  CW  lasers  is  barium  sodium  niobate,  Ba2NaNbg02g. 

The  low  gain  of  a  CW  laser,  combined  with  the  critical  adjustment  of 
focusing  the  beam  to  a  small  area  irfside  the  doubling  crystal,  make  this 
approach  not  very  attractive  for  a  fieldable  military  system.  The  same  can  be 
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said  for  model ocking,  which  Is  also  very  critical  to  operate  and  require! 
feedback  loop  for  stabilization.  In  addition,  there  is  a  deleterious 
interaction  between  modelocking  and  intracavity  harmonic  generation  (7.1 

The  design  we  selected  is  the  CW  pumped  repetitively  Q-switched  Nd:' 
laser  with  internal  frequency  doubling.  Since  the  peak  power  of  a 
continuously  pumped,  Q-swItched  Nd:YAG  laser  Is  in  the  kW  range,  a  much  \ 
power  density  is  achieved  compared  to  CW  operation,  and  therefore  less 
focusing  into  the  doubling  crystal  is  needed. 

As  for  continuous  lasers,  output  of  a  CW  pumped,  Q-switched  laser  i; 
frequency  doubled  most  efficiently  with  an  intracavity  crystal.  Typical 
average  harmonic  output  from  such  a  laser  can  be  as  large  as  the  fundamer 
output.  Such  lasers  typically  emit  pulses  lasting  several  hundred  nanose 
at  repetition  rates  of  several  kilohertz;  average  powers  are  normally  a 
watts,  although  average  power  has  reached  ten  watts  In  one  device  (7.2). 

A  back-up  to  the  repetitively  Q-switched  laser  with  internal  doublir 
the  externally  doubled  repetitively  Q-switched  laser.  It  has  the  advantc 
that  the  function  of  the  oscillator  and  doubler  are  separated  and  osc111< 
performance  is  not  affected  due  to  heating  of  the  doubling  crystal.  How« 
even  with  Q-switching  the  power  density  is  still  low  and  an  external  foci 
arrangement  has  to  be  employed. 

The  next  critical  issue  is  the  selection  of  the  doubling  crystal, 
selection  of  a  nonlinear  optical  material  for  this  application  is  limitec 
the  average  power  and  peak  power  densities  that  a  crystal  can  tolerate. 
Thermally  induced  phase  mismatch,  resulting  from  beam  power  absorption, 
the  average  power  capability.  The  damage  threshold  limits  the  peak  powet 
density  capability.  There  are  only  a  few  optical  crystals  materials  avai 
that  satisfy  these  requirements.  These  are:  KD*P,  CD*A,  and  the  most 
recently  developed  KTP  crystals.  Each  of  these  crystals  has  propertien 
are  unique  for  certain  applications.  Table  7-la  lists  the  nonlinear 
coefficients  and  damage  threshold  of  these  crystals.  Some  of  the  unique 
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Table  7.1  Properties  of  nonlinear  crystals.  Nonlinear  coefficient 
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1970) 
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properties  of  these  crystals  and  the  results  obtained  with  them  are  revie 
below. 

KD*P  (Deuterated  KH2PO4).  KD*P  is  the  most  highly  developed  of  the 
nonlinear  crystals  discussed.  The  deuterated  material  is  required  to  rec 
absorption  at  1.06^m  and  thus  minimize  the  thermally  induced  phase  mlsme 
Crystals  are  available  In  large  sizes  with  excellent  optical  quality. 

The  KD*P  crystal  has  a  low  absorption  constant  (<0.01  cm'M  and  a  hi 
power-density  damage  threshold  at  1.06 ^m.  Effects  due  to  thermally  Indi 

phase  mismatching  are  negligibly  small  at  an  Incident  average  power  level 

2 

to  about  25  W,  with  peak  power  density  of  250  MW/cm  and  a  35  ns  pulse  di 
tion.  Nonlinear  absorption  due  to  two-photon  processes  is  also  Insignifi 
under  these  conditions. 

C0*A  (Deuterated  CsH2AsO^).  C0*A  Is  Isomorphic. with  KD*P  and  is  usi 
found  to  be  a  more  efficient  harmonic  converter  than  KD*.  The  tempera tur 
tuned,  90®  phase-matched  CD^A  Is  a  preferred  configuration.  However,  tht 
phase-matching  temperature  of  the  crystal  at  1.06 jum  Is  110®C.  This  temf 
ture  Is  sufficiently  high  that  the  crystal  Is  susceptible  to  damage  due  * 
dehydration,  which  occurs  at  about  150®C.  The  damage  level  for  a  temper.- 
tuned  CD*A  was  less  than  lOW  at  an  energy  density  of  about  2  J-cm'  (35  r 
This  property  has  severely  limited  the  usefulness  of  90®  phase  matched  C[ 
for  high-power  harmonic  conversion. 

KTP  (KTIOPO^).  KTP  is  a  new  type  of  nonlinear  crystal  which  Is  curt 
under  development.  The  crystal  exhibits  several  unique  properties,  Incli 
a  high  nonlinear  coefficient  comparable  to  that  of  BagNaNbgO^g,  a  high  d. 
threshold,  and  a  low  degree  of  sensitivity  to  thermally  Induced  phase  mi; 
match.  These  combined  properties  make  KTP  the  most  attractive  crystal  f( 
high-power  frequency  conversion  (Ref.  7.3,  7.4). 

The  spectral,  angular,  and  tonperature  phase-matching  characteristic 
second  harmonic  generation  at  1.06^m  In  KTP  are  shown  In  Table  7-16.  Tl 


large  temperature  bandwidth  observed  is  a  unique  characteristic  of  this 
nonlinear  material.  Because  of  its  large  nonlinear  coefficient,  this  further 
reduces  the  length  of  crystal  required  for  high  conversion  efficiency.  As  a 
result,  a  second  harmonic  generation  efficiency  near  501  can  be  readily 
obtained  in  a  3.5  mm  crystal  length  at  an  incident  power  intensity  of  about 
100  MW/cm^. 

The  best  performance  from  our  system  can  be  achieved  with  KTP;  therefore, 
W  will  select  this  material  as  the  doubling  crystal. 

Based  on  the  foregoing  discussion,  the  system  configuration  shown  in 
Figure  7-5  was  selected.  A  N'lrYAG  rod  is  pumped  by  linear  laser  diode  arrays. 
The  system  is  Q-switched  by  an  acoustic-optic  resonator  and  contains  the 
doubling  crystal  in  the  resonator.  A  concave-convex  design  was  chosen  for 
good  mode  selection,  and  for  a  small  beam  waist  at  the  location  of  the 
doubling  crystal.  The  cavity  is  folded  In  order  to  recover  both  harmonic 
beams . 

7.2  SOLID  STATE  GAIN  MEDIUM  AND  DIODE  ARRAY  CONFIGURATION 

Due  to  its  high  gain  and  good  mechanical  and  physical  properties,  NdiYAG 
is  our  first  choice  for  this  laser.  However,  N0:YLF  is  a  close  contender. 

For  CW  pumping,  the  gain  depends  on  the  product  of  cross  section  §  and 
population  inversion,  which  in  turn  is  p?-oportional  to  the  product  of  absorbed 
pump  light  and  upper  state  lifetime  Tf.  in  Nd:YLF,  the  6  product  is  1.5 
times  larger  as  compared  to  ND:YAG.  Since  CW  threshold  is  inversely  propor¬ 
tional  to  this  product,  all  other  factors  being  equal,  Nd:YLF  should  be  a 
better  material  compared  to  Nd:YAG.  It  also  has  the  advantage  of  producing  a 
polarized  beam.  Whether  one  can  take  advantage  of  the  better  properties  of 
NdrYLF  in  a  diode  pumped  system  depends  on  other  factors  such  as  crystal 
quality,  optical  losses  in  the  material,  etc. 

Assuming  a  Nd:YAC  for  the  gain  medium  we  will  design  the  laser  array  pump 
such  that  the  system  can  generate  15  W  of  CW  output,  multimode,  unpolarized  in 
an  empty  resonator  at  l.OGAjUm.  As  we  will  discuss  below,  this  is  our 
estimate  of  what  is  needed  to  produce  three  watts  average  power  in  the  green. 
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Insertion  of  an  acousto-optic  Q-switch  into  the  resonator  and  operation  . 
TEMqo  mod®  win  reduce  the  average  power  to  about  seven  watts.  Optical  * 
associated  with  the  doubling  crystal  and  polarization  losses  will  further 
reduce  the  power  to  about  4W.  Intracavity  doubling  will  recover  most  of 
radiation. 

An  acousto-optic  Q-switch  has  a  slow  opening  time.  As  discussed  in 
Reference  7.5,  the  transient  effects  associated  with  slow  Q-switching  hel 
mode  selection.  With  a  low  optical  distortion  medium,  the  diffraction  h 
difference  between  the  lowest  and  higher-order  modes  so  that  the  lowest-< 
mode  dominates  in  the  Q-switched  mode. 

The  diode  array  has  to  be  designed  to  produce  15  watts  of  output  frc 
basic  laser.  In  Section  4.4.2  we  determined  the  optical  efficiency  of  a 
pumped  cylindrical  rod  to  be  about  V  •  0.35.  Therefore  a  diode  output  < 
43  watts  is  needed  to  produce  the  desired  output.  Assuming  a  laser  arra: 
conversion  efficiency  of  254  and  an  efficiency  of  95t  for  the  power  cond: 
tioning  unit,  the  system  requires  182  W  of  electrical  input. 

Linear  arrays  with  five  watt  CW  output  are  coemercially  available  ft 
Siemens  and  Spectra  Diode  Labs.  In  our  design  of  a  conduction  cooled  roc 
four  linear  arrays  are  mounted  around  the  semi cylindrical  area,  i.e.  20  \ 
of  pump  power.  With  a  three  cm  long  Nd:YA6  rod,  a  maximum  of  60  W  of  pur 
power  would  be  available.  Reducing  the  power  level  to  45W  or  3.75  w  fror 
array  will  increase  lifetime.  The  detailed  optical  design  of  the  conden* 
lenses  and  the  pump  distribution  can  be  obtained  from  the  computer  progre 
developed  by  FIBERTEK,  Inc.  The  input  parameters  for  this  analysis  are: 

e  Radii  of  lenses  (focal  length) 
e  Diode  to  lens  separation 
e  Lens  to  rod  center  separation 
t  Lens  spacing 
e  Refractive  Indices 
•  Diameter  of  Nd:YAG  rod 
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I  Absorption  spectrum 
«  Diode  center  wavelength 

•  Diode  output  spread  (FWH?^  of  statistical  spread) 

The  small  signal  gain  of  the  Nd:YA6  rod  can  be  calculated  from  the  pumped 

volume  and  the  projected  stored  energy  in  the  rod.  For  a  30  mm  long  crystal 

3 

of  3  nm  diameter  we  obtain  V  ■  0.21  cm  . 

Taking  the  value  of  ^  »  0.54  for  the  fraction  of  pump  radiation  reaching 

the  upper  state  level,  then  P  «  24.3  U  and  E  =  26.6  x  10"^J/cm^  or  6n  *  0.08 
-1  s  u 

cm  . 


Figure  7-1  shows  a  cross-section  of  the  semi -cylindrical  pump  geometry. 
The  rod  support  structure  provides  a  heat  sink  for  removal  of  waste  heat  from 
the  crystal,  and  it  also  reflects  back  pump  radiation  for  a  second  path  in  the 
rod. 


A  sumnary  of  the  salient  features  of  the  oscillator  is  provided  in 
Table  7-2. 

7.3  Q-SWITCH 

In  an  acousto-optic  Q-switch,  an  ultrasonic  wave  is  launched  into  a  block 
of  fused  silica,  which  acts  as  an  optical  phase  grating  when  an  ultrasonic 
wave  passes  through  it.  The  high  optical  quality  of  fused  silica  combined 
with  a  very  high  damage  threshold  makes  an  acousto-optic  Q-switch  the 
universal  choice  for  CW  lasers. 

The  low-gain  characteristics  of  CW-pumped  solid  state  lasers  do  not 
require  a  very  high  extinction  ratio  for  Q-switching  but  do  demand  excep¬ 
tionally  low  insertion  l.css.  Since  the  best  optical  quality  fused  silica  with 
anti  reflection  coatings  can  be  used  as  the  active  medium,  the  overall 
Insertion  loss  of  the  Q-switch  can  be  reduced  to  less  than  0.51  per  pass. 
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Table  7.2. 


Summary  of  system  parameters  for  cw  laser  diode  pumped, 
repetitively  Q-switched,  intracavity  doubled  Nd:YAG  laser 


Laser  material  length,  cm: 

3 

Resonator  length,  m: 

.35 

Inversion  volume,  cm^: 

.21 

Average  output  power,  w: 

3 

Energy  per  pulse,  mj: 

0.5 

Repetition  rate,  Hz: 

6,000 

Pulse  width,  nsec: 

100 

Output  wavelength,  nm: 

532 

Peak  power,  kW: 

5 
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The  performance  data  of  an  acousto-optic  Q-switched  Nd;YAG  laser  witt 
output  comparable  to  the  system  under  consideration  is  shown  in  Figure  7-; 
For  repetition  rates  below  approximately  800  Hz  the  peak  power  is  indepent 
of  repetition  rate.  At  these  low  repetition  rates  there  is  sufficient  tir 
between  pulses  for  the  inversion  to  reach  the  maximum  value.  In  the  tran: 
ti on  region  between  0.8  and  3kHz,  peak  power  starts  to  decrease  as  the 
repetition  rate  is  increased.  Above  3kH2,  the  peak  power  decreases  very 
rapidly  for  higher  repetition  rates.  The  optimum  repetition  rate  for  a 
frequency  doubled  is  between  four  and  eight  kHz.  The  lower  repetition  ra* 
yields  higher  peak  power  which  produces  higher  harmonic  output,  whereas  tl 
higher  repetition  rate  yields  a  higher  average  power. 

We  assume  a  repetition  rate  of  5kHz.  According  to  Figure  7-2  peak  pi 
on  the  order  of  15  kW  can  be  expected  from  the  laser.  Typically  these  la: 
operate  with  an  805  reflective  output  mirror.  The  circulating  power  is 

therefore  75  kW.  Efficient  frequency  doubling  in  KTP  requires  about  25-3( 

2 

MW/cm  .  This  power  density  can  be  achieved  if  the  beam  diameter  is  reduci 
0.5  itn  in  the  resonator.  The  particular  concave-convex  resonator  discussi 
the  next  section  will  accomplish  the  desired  beam  compression. 

7.4  OPTICAL  RESONATOR 

In  our  opinion,  the  dynamic-stable  concave-convex  resonator  treated 
Section  6.2.1  is  the  best  choice  for  the  CW  pumped,  repetitively  Q-switch' 
and  intracavity  doubled  Nd:YAG  laser.  The  resonator  maximizes  TEMqq  mode 
volume  in  the  active  material,  and  it  provides  a  small  beam  waist  at  the 
convex  mirror,  which  is  necessary  for  efficient  doubling.  We  assume  a  we 
focusing  rod  with  f«6  meters,  a  diameter  of  3  mm,  and  a  separation  of  the 
from  the  concave  and  convex  mirror  of  Lj  *  0.05  m  and  Lg  *  0.3  m. 

The  mode  size  at  the  Nd:YAG  rods  is  Wj^*D/4  =  0.75  mm.  If  we  follow 
design  procedure  outlined  in  Section  6.2.1  we  obtain 

L  =  35  cm  {from  eq.  22b) 

0 

gj  =  0.2  (from  eq.  27) 


Figure  7.2 


Performance  of  a  repetitively  Q 

pumped  Nd:YAG  laaer  system. 

(W.  Koechner.  Solid  State  Laser 
Springer  Verlag,  1976) 


-switched ,  cw 


Engineering 


Rtocdtion  rite  IkHt) 
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92  ■  2.5  (from  eq.  26) 

W2  “  0.2  mm  (from  eq.  21) 

R2  “  23  cm  (from  eq.  22a) 

Rj^  »  47  cm  (from  eq.  22a) 

Figure  7-3  shows  a  schematic  of  the  resonator.  The  mode  size  Is  ver. 
small  at  the  location  of  the  doubling  crystal  and  expands  towards  the  coni 
mirror,  with  the  Nd:YA6  rod  being  the  limiting  aperture. 

7.3.3  Harmonic  Generator 

The  second  harmonic  generation  efficiency  depends  on  Incident  intens 
crystal  type  and  length,  and  on  laser  beam  spatial  mode  quality. 

KT?  Is  a  relatively  new  nonlinear  optical  material  that  Is  Increasir. 
being  used  commercially  for  second  harmonic  generation  of  the  1.06  m  Nd: 
laser.  KTP  (KTIOPO^)  has  been  shown  to  have  particularly  favorable  prope 
for  use  In  second  harmonic  generation  of  1.06  jjm  Nd:YA6  lasers.  The  lar 
nonlinear  optical  d  coefficient  combined  with  a  high  optical  damage  thres 
make  this  material  presently  one  of  the  most  useful  for  nonlinear  optical 
devices. 

The  supply  of  commercially  available  KTP  Is  limited,  furthermore  onl 
small  crystals  can  be  grown.  Crystals  are  currently  only  available  In  si 
up  to  5  mm  cubes.  For  the  laser  designed  In  this  section,  only  a  very  sm 
crystal  is  needed.  A  3  ran  cube  is  sufficient  to  obtain  the  desired  conve 
efficiency.  Also  there  are  clear  Indications  that  KTP  crystals  of  sufficl 
quantities  and  quality  will  become  available  In  the  near  future. 

Several  companies  such  as  Inrad,  Airtron,  Virgo  Optics,  and  Ferroxcu 
are  now  exploring  the  fabrication  of  this  material  either  by  hydrothermal 
flux  growth  methods.  In  addition,  the  next  development  1n  this  technolog. 
be  epitaxially  g»’own  KTP  presently  explored  at  Bell  Laboratories. 

The  energy  conversion  efficiency  of  one  DTP  crystal  (3.5  mm  length) 
function  of  Input  power  density  Is  shown  •'n  Figure  7-4. 
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0  1C  20  30  40  so  CO  70  $0  »0  100 

INPUT  POWER  DENSITY  I  MW  /  cut 


Figure  7.4  Conversion  efficiency  of  KTP  at  1.06  )Ji 
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The  1rtracav1ty  frequency  doubled  Nd:YAG  laser  can  be  significantly 
affected  by  thermo-optical  effects  in  the  frequency  loubling  crystal.  The 
slight  absorption  of  the  circulating  1.064 jUm  power,  as  well  as  the  532  nm 
power  produced  by  frequency  doubling,  can  modify  the  laser  parameters  through 
complex  Interdependent  relationships.  As  a  result,  the  laser  performance  may 
degrade  and  become  unstable. 

At  the  level  of  4  watts  average  power,  in  combination  with  the  low 

» 

absorption  KTP  material,  no  thermal  Instabilities  are  expected. 

Extraction  of  power  only  In  one  direction  simplifies  the  design;  however, 
at  the  expense  of  50?  reduction  In  output  power.  Combining  the  two  oppositely 
directed  second  harmonic  beams  together  for  higher  efficiency  output  has  been 
tried  in  the  past;  however.  Interference  effects  caused  large  output 
fl uctuatl ons . 

The  two  frequency  doubled  beams  are  phase  locked  via  the  fundamental 
beam.  However,  dispersion  In  the  air  of  the  green  beam  reflected  off  the  rear 
mirror  and  directed  a  second  time  through  the  harmonic  generator  will  cause  a 
time  varying  phase  difference  of  the  combined  beams.  Introduction  of  a 
quarter  wave  plate  at  the  harmonic.  Inserted  between  the  doubling  crystal  and 
the  rear  mirror,  will  combine  the  two  green  beams  orthogonally  polarized  and 
no  interference  effects  will  take  place.  In  order  to  leave  the  fundamental 
beam  unaffected,  the  phase  retarder  must  be  half  wave  for  1.064  ixm.  The  final 
design  of  the  optical  resonator  containing  the  harmonic  generator  Is  shown  In 
Figure  7-5. 

7.4  POWER  BUDGET  AND  EFFICIENCY  SUMMARY 

The  energy  flow  of  the  underwater  Illuminator  system  Is  Illustrated  In 
Figyre  7-6.  A  sumary  of  the  system  efficiency  available  with  today's 
technology  and  projected  performance  available  in  a  three  to  five  year  time 
frame  Is  shown  In  Table  7-3. 
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3  w,  532  nm 


Driver 


HR  0.53 


Figure  7.5  Concepcual  design  of  a  cw  laser  diode  pumped, 
repetitively  Q-switched  and  intracavity  doubl 
Nd:YAG  laser. 
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Table  7.3  -  Projected  Efficiency 


Near  Term 

Long  Tei 

Power  Conversion 

.95 

.95 

Diode  Arrays 

.25 

.50 

Upper  State  Transfer 

.54 

.54 

Output  Efficiency 

.64 

.64 

Doubling  Efficiency 

.20 

.30 

TOTAL 

1.6% 

4 . 9% 
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8.  CONCLUSION 


During  the  1970 's  and  early  1980' s,  solid  state  laser  technology  went 
through  a  process  of  evolutionary  changes,  characterized  by  Incremental 
improvements  In  system  performance  and  reliability. 

However,  during  the  last  several  years  rather  dramatic  possibilities 
have  appeared  on  the  horizon  which  could  bring  about  a  revolutionary  change  in 
solid  state  laser  technology.  The  most  Important  developments  are: 

•  Laser  diode  array  pumping  of  solid  state  lasers 

•  Tunable  lasers 

•  Phase  conjugated  and  Raman  shifted  lasers 

•  High  performance  nonlinear  materials  such  as  KTU  and  organic  crystals. 

We  are  Just  on  the  verge  of  seeing  these  technologies  emerge,  but  none 
has  yet  reached  the  maturity  needed  for  large  conmercial  or  military 
applications. 

This  report  Is  concerned  with  the  most  far  reaching  new  technology, 
namely  laser  diode  pumping  of  solid  state  lasers.  The  report  provides  an 
assessment  of  the  technological  and  economic  Issues  surrounding  the  use  of 
diode  arrays  for  pumping  solid  state  lasers. 

Laser  diode  pumping  requires  a  different  engineering  approach  to  the 
design  of  solid  state  lasers.  The  pertinent  characteristics  of  the  pump 
sources,  laser  materials,  crystal  geometry  and  diode  pump  configuration, 
cooling  cycle  and  resonator  design  are  covered  in  this  report,  together  with  a 
specific  laser  design.  Economic  Issues  and  manufacturing  processes  for  mass 
producing  diode  arrays  are  treated  also. 

Just  as  vacuum  tubes  have  been’  replaced  by  the  transistor  and  later  by 
Integrated  circul.ts,  we  envision  gas  filled  arc  lamps  being  replaced  by  linear 
and  planar  laser  diode  arrays. 


8-1 


The  development  and  commercialization  last  year  of  these  arrays  have 
opened  up  the  possibility  of  creating  practical  all -sol id  state  lasers,  y 
potential  advantages  of  compactness,  high  efficiency  and  long  lifetime. 

Solid  state  lasers  with  wall  plug  efficiencies  of  10%  and  higher  w1l 
possible  in  the  future. 

Laser  diode  pumping  always  looked  attractive  but  was  not  practical  c 
such  technological  barriers  as  low  efficiency,  low  power,  and  short  lifet 
The  significant  progress  made  in  diode  laser  technology  coupled  with  the 
emerging  technology  of  linear  and  planar  diode  arrays  has  removed  these 
former  technological  barriers.  In  the  newer  devices,  efficiencies  of  up 
50  percent  can  be  achieved,  and  lifetimes  of  10,000  hours  have  been  built 
employed  at  pump  sources  for  solid  state  lasers. 

Feasibility  of  such  arrays  has  now  been  demonstrated,  but  manufactur 
costs  are  prohibitive  and  must  be  reduced  sharply  before  widespread  appli 
tions  will  emerge. 

The  future  of  laser  diode  pumping  seems  to  be  assured  at  least  for  : 
specialized  military  applications,  but  widespread  comnercial  uses  will  be 
slowed  by  their  relatively  high  cost.  High  costs  are  not  inherent  as  rec 
cost  studies  by  SDL  and  MDAC  have  shown.  With  production  of  laser  diode 
arrays  increasing,  cost  can  reach  a  very  attractive  level. 

Technology  is  available,  and  it  is  mainly  an  economic  Issue  to  find 
applications  which  will  drive  costs  down  and  stimulate  further  use  of  th« 
systems . 
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Appendix  A 


CRADLE  Source  Code  Listing 
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4 1 80  ECPDEFa-ARCH  I  VOa :  SPCL  I NESX*  I  MESSAGEa*  "  Read  ”  +STR»  ( SPCL I NES"'.  i  ♦ 
data  from  file  "+SPCDEFa^"  j  RETURN 
41*70  f  a»"NULL" :  MESSAGEa*"Load  routine  aborted.  Current  Spectrum  file 
emams  unchanged PETUPN 

4200  , - ^ _ _ 

4301  I  Wf-ite  Soectrum  file  FIlACTV.*2  1 

4302  '  I _ _ _ — — _  . 

4310  Tx="Save  •■♦SPCDEFar”.  ••♦EXTia^"  to  Disk  xv.«i ;  y/.*! ;  color  f  .  f gv. 
B  32'’50 

4320  GOSUB  110*70:  jf  eT*chr  r  *  27 )  then  4390  else  IF  Ajcfy  THEN  ARCH-I'. 
OTO  4331  ELSE  IF  Aa  "N"  THEN  4320 

4330  dosub  32e*70;E<Tx=EYTlx: :FlLEaa5PCDEFa:PURP0SEa-"Savina":G0SUB  ='C' 
V0a="NULL"  THEN  GOTO  4390 

■k331  Ax=AprHi'ynj;  GOSUB  1  1 020:  ARCH  I  vrjx=AX  ;  col  or  ♦  .  f  gV. ,  f  .  bg'.  :tV.=  1:V'.= 
0:TX*'‘Writing  " +09  I  VEa+ARCH  I  V0a+ "  .  "♦EX  T  1  X  :  G05UE  31500 


KADLE.BAS  Source  code  listino 


F  sioe 


4T40  Ai-DFI  VEI-+F  ATHX+APCHI  VCi.r+  "  .  "+£y  T  1  .r  :  GOSUfc:  i  101:0;  FX=AX:  1  V.*z 
4T.45  gesud  16100:  iF  aDclinesV.=0  then  goto  47S0 

4750  CLOSED! : OPEN  FX  FOR  OUTPUT  hS#1 

4751  FOR  r/.»l  TO  SRCLiNES’l 

4760  FRINT«1  ,L<4nEnA  i  IV.)  ,  AABS  (  IV,) 

47-70  NEXT 

4380  spcdeF  .t»«rch  1  vox !  ME5SAGEX-="Seved  "  ■*-STRX  f  5F  CL  I  NE3!1)  "  pair(a)  oF  duF  ?  to  File 

“•fapcaetx-F"  .  •• » RETURN 

47.FO  FXc"NULL" ;  nESSA6EX«"Save  routine  «Portea.  Current  Spectrum  File  on  ois-  rem 
ains  unchanoed RETURN 


4A0O  •  I  ■  1 - —  -  '  ■  '  I 

4401  '  I  Read  Cradle  File  FIlACT'/.*7-  I 


4402  I  - - — - ' 

4410  TX»"Load  "-^CDLDEFX-^"  .  "+EXTrT+"  into  memory  :  XV.ai :  YV.»i :  color  F  .  tgV..  t .  co’.  : 
GOSUE-  727S0 

4420  G0SU&  11090;iF  aX*chrX(27)  then  4490  else  IF  A»«"Y"  THEN  ARCHI  VOX--»CuL£EFx  :  7 
OTO  4431  ELSE  IF  AX; : "N"  THEN  4420 

4430  go»ub  3Ce90:E)'TX-EXT2X;FlLEX-CDLDEFX:FURFOS£X-"Loading'’:GOSU&  50000:  IF  arch 
IV0X»"NULL"  then  GOTO  4490 

4471  AX«ARCHIVOX:GOSU&  1  1020;  ARCH  I  VOX-AX:  col  or  F  .  F  gV. ,  F  .  bg*/.  :  XV.- 1  :  V/.- 1  ;  W/.=NUt«:i';  I ND 
OWSV.iGOSUB  32890;  TX«"Reading  '•♦DRI  VEX-*-ARCHI  VOX-*-”  .  "■►EXT2X:  GOSUB  31580 
4440  AX-DRI  VEX+FATHX-t-ARCHIVOX+"  .  "•*-£XT2X;  GOSUB  11020;FX-AX 
4450  CLOSE# l: OPEN  Ft  FOR  INPUT  AS# I 

4460  INFUT#1,RI,  RC,  XL,  APANGLE,  TE ,  TG,  INDEX,  RROD,  NRQD 

4461  INPUT#1 ,RWATEP ,  RJACtET,  NJACIET,  NWATER,  N,  XO,  YD,  TPP ,  TRR,  LAMBDAS .  SIG 
4470  CLOSE# 1 

4480  CDLDEFX-ARCHIVOX;MESSAGEX-''Fi  le  "•►cdldeFX^"  SucceaeFully  1  oaded RETURN 
4490  FX- •' NULL MESSAGE  X-"  Load  routine  aborted.  Current  Cradle  File  in  memory  rem 
ai ns  unchanged . " : RETURN 

4500  '  I  1 1  - .  Ill  -  -II.  -II  i  I  I 

4501  I  write  Cradle  File  FILACT*/,-4  | 


4502  '  ' - - — . . . . . . . ' 

4510  TX-"Save  "  ♦CDLDEFX-^"  .  "  •■•EXT2X-r "  to  DisF  ;  XV.- 1 ;  YV.- 1 1  col  or  F.FgV., 


cgV.  :r.riC'j 


B  32750 

4520  GOSUB  11090JIF  aX-cnrX(27)  then  4590  else  IF  AX-'-Y"  THEN  ARCHI  VOx-CDLDEFX  :  C- 
OTO  4531  ELSE  IF  AX  "N"  THEN  4520 

■1530  gosuo  32890:EXTX-EXT2X:FlLEX-CDLOEFX:RURFOSEX-"Saving”:GOSU&  50000:1-  AFCHl 
VCX="MULL"  then  goto  4590 

4531  AX-ARCHIVOX:GOSU&  1 1 020 ;  ARCH  I  VOX-AX:  col  or  F  ,  F  gV. ,  F  .  bg  V.  :  X  V.- 1 :  YV.- 1 :  WV.srjijnw  1 NL 
OWSV.iQOSUB  32S®0;  TX-"Wr]  ting  " +DR  I  VEX+ARCH I  VOX*”  .  " +EXT2X  ;  GOSUB  31500 
4540  AX-DR  I VEXfPATHX+ARCHI  VOX*"  . ''*EXT2X;  GOSUB  11O20:FX-AX 
4550  CLOSE#l;OPeN  FX  FOR  OUTPUT  AS#l 

45o0  Fn:INT#l,FI,  RO,  ‘T.,  Mr  ANGLE .  TE ,  TG.  INDEX.  RROD.  NROD 

4561  RR INT#l .RWATEF .  RJAOET,  NJACtET.  NWATER,  M.  XD.  VD,  TPR ,  TRR.  LAM&DAC,  777 
-570  CLOSE# 1 


4580  cdl  deF  x-ar  chi  vox  :  MESSAGEX- "F  i  1  e  "■♦■cdl  deF  X*  "  SuccessFullv  Wr  i  tten .  " :  RCrL'FN 
4590  FX-'‘NULL'‘ :  MESSAGEX-'Save  routine  adorted.  Current  Cradle  File  on  di;  -ema: 


ns  unchanged.  RETURN 

5000  ,  - -  - 

5001  I  -  Vie"-  a  parameter  routine  - 

5002  ^ - 

5005  IF  VWACT-:  ;  501,^  ELSE  SCRNACT’/.--:  GOS1J&  11110:cclor  2 . 0;  CLS :  att-’.-: 

'.&10  ON  VUJACTL  SDSUL'  5010,5220.5520,5720 

‘■■01  :  SiIRNaC  7-.::  1  ;  L’U.-'UE'  1  1  '  1  0:  RETijRH 


CRADLE. BAS 


Source  code  listing. 


5021  ■  View  «  Spectr-um  file  v: 

5022  I - - - 

5025  if  spcdef -f  =  "MULL "  then  mess*QeX*‘'No  Spectrum  file  in  memor  y .  ' : '-f 
502t  gosub  16100;  if  spell  nesV.»0  then  epclines/'.-l 

5030  LEFT’/.- INK SF CL  1 NESV./ 2>  ;  R I GHT7.*SFCL  I NESV.-LEFT7. 

503.1  IF  LEFT7.  ;  RIGHT*/.  THEN  LEFT'/.-LEFT*/.*! ;  RI6HT'/.»RIGHT*/.-l 
5040  ' 

5050  b*/.»l ;  «7.“1 :  A»»‘'W#vel*ngth‘*i  gosub  94Q6i  a7.»40i  gosub  99^6 

5051  a*/.«lSi  Af«"Absorption  coef  f  i ci ent gosub  9996 j  «7.«55s  gosub  99<?t 

5052  b’/.»2:  «.'.=4;  AXo"  (nm' "  ;  noeub  AP9«t  aV.*-*";  gosub  9996 

5053  a*>22:  AX»"  (cm  -n  "tgosub  99Q6:  a*/.»62:  gosuo  9996 
5060  OFFSETV.-0;  COL*.'.- 1 

5063  a3-l :  bV.»3;  aX»STR  INGX  (go,  l‘?6)  j  gosub  99^^  tr '/.■  1 1  C;  ax-STR INGX  ( i -t: 
■A  TO  22  STEP  2:  gosub  9996:  NEXT  :  ^-t  ..rV.^Z:  b'/.-24;  *J-STRINGX  (79,  196)  ;  gos'. 

r  1  ,  “ 

5070  for  a*'.»4  to  left-.+t 

5080  LOCATE  A*/.,  COL  COLOR  2,7tFRINT  USING  "S#"  ;  (OFFSET’/.-^  (A*/.-3)  )  ;  :  COLC 
USING  ■•###».#":  LAMBDA  (OFFSET*/.*  (A’/.-3.)  ):  LOCATE  A*/. ,  (COL*/.*20>  i  PRINT  iJSl: 
;  AABS  (OFFSET*/.*  (A*/.-T.)  )  ; 

5090  next  a*/. 

5100  IF  OFFSET*/.  0  THEN  5110  ELSE  0FF5ET*/.»LEFT*/.:  LEFT*/.-RIGHT*/.;  COL'/.»40; 
5110  SCRNACT*/.«3:  GOSUB  1 1 1 10:  «ttr*/.-7:  A»-"Press  any  key  when  ready  to  r 
in  menu":  GOSUB  1 1000:  b‘/.f:25i  gosub  9996:  GOSUB  11090 

5120  IF  A*«""  THEN  5110  ELSE  fieSSAGEX-"Vi ewing  of  Spectrum  file  "*SPC 
TlX*"  termi nated" : RETURN 

5220  ■  - - : - ^ 

5221  'I  View  a  Cradle  file  vi 

'  t  _ _  ■■ 

5225  if  cdldef x»"NULL"  then  mesaaqeX«"No  Cradle  m  memory return 
5230  attr*/.«2:By.«l:A*-‘'Viewing  of  Cradle  file  "*DRIVE#*PATHS*CDLDEFx*' 
SUB  1 1000: gosub  9996: FORMX-"##. S##'  " '  "  " 

5240  b'/.»2:  a7.-2:  AX-" —  Lens  parameters  — gosub  9996 

5250  b’/.-3:  aV.-"^:  AX«"Lens  radii  of  curvature  (First  and  Second* - 

bV.,5T;orint  USING  FORMX;  RI  ,R0»  igosub  9996 
5260  BV.-4:  AX-"Position  of  the  lens  surface  closest  to  the  rod- 

b'/.,  57:  PR  I  NT  USING  FORM*  :  XL;  :  dosub  9996 
5270  B7.-5:  AX-"Ful  I  aperture  of  the  lens  pair  system  in  oegree? 

b*/.,  57;  PR  I  NT  USING  FORnj;  APANGLE;  :  gosub  9996 

5280  B7.-6:  AX-"Edc;e  thickness  ■■  ■  ■  -  -  - .  . . . 

bV. ,57;  PRINT  USING  FORMJf,  1E|  i gosub  9996 

5290  B*/.*7:  AX-"Gao  between  lenses  .  .  — _ 

by. .  57 1  PR  I  NT  USING  FORMf :  TG:  ;  Qosub  9996 

5300  87.-8;  AX-"Lens  glass  inde:;  of  refraction - 

b*.;, 57;  PRINT  USING  FORM  t ;  I NDE  <  :  :  oosub  ®996 
5310  &7.*9;  a'/.*2;  AX-" —  Rod  parameters  — ";  gosub  9996 

5320  B*/.»10:  aV.-7;  AX- "LASER  rod  radius - — - 

b*/.,57;pRlMT  USING  FORMX:  RROD:  I  gosub  ‘»'?96 

5330  B7.-11:  AX-"Pod  inde-;  of  refraction-- - - - 

b7.,57:PRTNT  USING  FORMX ;  NROD;  ;  gosub  ®996 
5340  &'/.=•  1 2;  a’'.®2:  AX-" —  J«>ct  et  and  coolant  parameters  — gosub 

5350  B7.- 1 3 ;  a*'.-’’ :  Ax»"Jiick-t  inner  rjdius - — - 

b7..57;PPINT  USINIJ  FQRMX  ;  R WATER ::  gosub  9996 
5360  B7.-14;  AX  =  ''Jacket  outer  radius  ■  —  -  ■ —  ■  — 

bV.  .5~;  P?  irn  lJ=lNr.  FOFNX  ;  RJACl  ET;  ;  gosub  9906 

3370  8V.ai5;  AX=''. Jacket  mcle;-  o-*  refraction - - - — - 

b':.3~:PklMT  USING  FORMX  ;  MJ  At!  ET:  ;  rjocub  0906 


CRADLE. BAS  Source  code  listing 


p  ?q9 


gosub 
re^racti on - 


9996 


slit  coordinates- 


jCSC  Afs>"Cool9nt  inae-:  ot  re-frsction- 

0’,;, 57:  PRINT  USING  FORMX;  NWATER;  :  gosub  09Q6 
5”O0  B'>17;  jv.  =  ;;  AJ*" —  Diode  LASER  pirameterc  — 

5400  &V.«l  8:  Al  =  "LA5EF:  medium  inde;-  ot 

b"'. , pr I nt  USING  FORN-f ;  N;  :  goaub  9996 
5410  &/>l9:  AJ«"Diode  LASER  output 

b*/., 57:  PRINT  USING  FORMI :  XD  ,  YD;  ; goaub  9996 
5420  BV.^CO;  A*»'*Beem  angular  width  :":qosuO  9996 

5430  BV.«21 :  a’/.»l0;  AX»'‘Derpendicul  ar  to  the  active  layer - 

.5T;PRINT  using  FORMt: TPR: : goBub  990a 

5440  &V.=22:  AJ"'‘oaral  1  el  to  the  active  1  ayer  ■  ■  .  .  . 

,57; PRINT  USING  FORMI; TPR; : goaub  9996 
5'45G  BV.nCT:  d/i*~:  Af  “"Center  wavelength  ■ 

b%, 5^; PR I NT  USING  FORM* ; LAMBDA0; : goaub  9996 

5460  B*/.»24:  A**"Standard  deviation - 

bv., 57:  PRINT  USING  FORM*:  SIG;  :  qoaub  9996 
5470  SCRNACT^aC : GOSUB  11110: COLOR  7 ,0: A**" Press  any  key  when 
mam  menu":QOSUB  11000:  LOCATE  25  ,AV.;  PRINT  A*::G0SUB  11090 
5400  IF  A»-“"  THEN  5470  ELSE  MESSAGE*-"Vi ewi ng  ot  Cradle  -file 
terminated" :  RETURN 

5520  •  - - — — - 


I  oc  a  1 6 

Locate 
1 ocate 


oc  • 


ICCi 


ate  D 
te  b' 

- " ; locate 

- " : 1 ccate 

ready  to  return  to 
CDLDEF*t". "-ext: 


521 


Print  a  Spectrum  file 


VWACT* 


5525  ipcde^**"NULL"  then  message*»"No  Spectrum  in  memory j return 

5526  PRNACT7.»l:G0SUe  1 1 190:  B7.»  1 3:  A*-"  " :  GOSUB  M  170;  LOCATE  B7.,l:  COLOR  2 
:PRINT  "Enter  Title  "  :  :  F  1GV.-67 :  QOSUB  10320:  TI  TLE*»  IP* 

5527  A*«"Printing  Spectrum  ^ile  "♦SPCDEF**" . "tEXTl*: GOSUB  11170 

5528  LPRINT  TAB < 1 1 ) : "Ti me: " ; T IME*: : LPRINT  TAB <57) : "Date: "; DATE* 

5529  A#»"Rod  Absorption  Spectrum"  :  GOSUB  11000:LPR1NT  TAB  <A'/.)  :  A*:  LPRINT 

5530  PRNACTy.«2:G0SUB  11190:LPRINT  TAB  ( 1 1 )}  T ITLE* :  GOSUB  11190:LPRINT 
5545  LPRINT  TAB < 15) :STRIN6* (50, 196) :LPRINT 

5550  LPRINT  TAB  < 20 )  :  "Re-f  erence  Wavelength  Abeorption" 


.3:  attrv.«2 


^  U  W 

5554 

5570 

5580 


LPRINT 

LPRINT 

LPRINT 

LPRINT 

FOR  A7.I 

LPRINT 


TAB (20):"  Number  <nm> 

TAB (20) : " 

TAB  < 15) ; STRING* (50.196'; 

'1  TO  SPCLINES7. 

TAB  (22)  LPRINT  USING  "se":(Av.): 
i  LPRINT  TAB (52) :: LPRINT  USING 


Cbe^^ 1  Cl ent " 
•cm  -I ) " 


S"  j  lambda  (A*/.)  j 

5590  NEXT  A*/. 

5591  LPRINT  TABdS)  ;£TRIN6*(50, 196) 

5592  A*®"  "♦DRIVE*tPATH*tSPCDEF* 

LPRINTiNEXT:LPPINT  A*jLPRINT  CHR*(12) 

5620  MESSAGE**"P'r  1  nti  nq  Spectrum  file  "*SPCDEF*t " 
5'’20  ■  I - - - - - 


LPRINT  TAB.  (35m  :  LPRINT  USING 

###«" ;  aabs  'A';,' 


'  tnttr  . 


tEXTi^iFOR  r-;*!  TO  40-SFri_:NES‘-.*2i 

come  1  ete  ' :  R  ETijf^  n 


"tEXTirt' 


'21  !  Hard  coov  of  a  Cradle  file 


L. 


vwhCT' 


z  >  ^ 
;PR 
'  •• 

572 


if  cdldef /“"NULL"  then  message*“"No  Cradle  file  in  memory ." i return 
PRNACTV.-l :  GOSUB  1 11 90;  8'/.»  1 3 :  A*»"  "  ;  GOSUB  1 1 1  *’0;  LOCATE  B*/..l:C0L0r  2. 
INT  "Enter  Title  "::  moao'/.  =  0;  FI  G*/.“6‘^:  GOSUB  1 0320;  TI  TLE*“IP* 

6  LPRINT  TAB  M  1  );  "T;  me:  TIME-T  LPR  INT  TAB  ( 64  );" Date ;":  DATE* 

A*-"Cradlt»  PAPAMETEF  FILE";GOSUB  nO00:LFPINT  TAB  <  AV, )  ,  a/ ;  lPP  INT 
PRNACT'>2;  GOSUB  1 1  90;  uPR  T NT  T AB  < 6 '  :  T I TLE* :  G0EUC'<  11190 
A*»"Printina  Cradle  <ile  ' tCDLDEF*+"  .  "tEXT2*:  GOSUB  I  1  1 ''0 
FORM*»"ss. waa 

LFPINT  ;LPRINT  TAB ( 4 1  ; ST r 1 nG* ' T 1  , ; 96 '  ; LRR I  NT 


Q  ;  ?  t  ^  * 


CRADLE. 


bource  code  listing 


GOSUB 

;7T.C  lPRINT  "  Note:  Unless  otherwise  speci'fied,  All  dimentjons  er* 

iT\  •  '* ; 

57T-4  LPRINT  "  The  wavelength  is  in  nanotneters  and  the  absor: 

Cl ent " ; 

577-5  LPRINT  "  is  in  inverse  centimeters.  Angular  apertures 

es.  iGQSUB  11190 

577-6  LPRINT  TAB  (4)  j  STRING/ <71 . 196)  i  :  LPRINT 

5740  LPRINT  :LPRINT  :  PRNACT7.a2:  GOSUB  11190:LPRINT  "  -Lens  paramet 
1 1 1P0 

5''50  LPRINT  "  Lens  radii  ot  curvature  (First  and  Second) - 

ING  F0RM/;RI,P0 
5760  LPRINT  " 

ING  FORM/; XL 
5770  LPRINT  " 

ING  FORM/ j AF angle 
5700  LPRINT  •• 

ING  F0RM/;TE 
5790  LPRINT  " 

ING  F0RM/;TG 
5000  LPRINT 
ING  form/; index 


Position  o-f  the  lens  sur-face  closest  to  the  rod — 
Full  aperture  o-f  the  lens  pair  system  in  degrees  — 
Edge  thickness- — - - - 


Gap  between  lenses- 


Lens  glass  inde;;  o-f  refraction- 


-  Rod  parameters  -"iGOSU 


-  Jacket  and  coolant  par 


Jacket  outer  radius- 


Jac(  et  inde::  o-f  refraction- 


Coolant  inae::  of  refraction- 


5010  LPRINT  ; LPRINT  ; GOSUB  lll90j LPRINT  ” 

5820  LPRINT  •'  LASER  rod  radius-^ - 

1N6  F0RM/;RR0D 

587-0  LPRINT  "  Rod  inde::  of  refraction- 

ING  F0RM/;NR0D 

5840  LPRINT  : LPRINT  j GOSUB  1 1190: LPRINT  " 

OSUB  11190 

5850  LPRINT  "  Jacket  inner  radius-  — 

ING  F0PM/;RWATER 
5860  LPRINT 
ING  FORM/; RJAC)  ET 
5070  LPRINT  " 

ING  FORM/; NJAC)  ET 
5800  LPRINT  - 
ING  F0RM/:NWATER 

5890  LPRINT  : LPRINT  ; GOSUB  1 1 190; lPR I NT 
190 

5900  LPRINT  "  LASER  medium  inde::  of  refraction 

ING  F0RM/;N 
5P10  LPRINT  ■' 

ING  FORM/: XD. YD 

5920  LPRINT  " 

5970  LPRINT  " 

ING  R0RM/;TPP 
5940  LPRINT  •• 

ING  P0PM/;TPP 
5950  LPPINT  ■■ 

ING  FORM/; LAMBOAC 
596  0  LPPINT  -- 
INC  FORM/; 316 

5980  A/-"  "-^DPIVE/rPATHi +CDLnEF/r"  .  '■-►EyT2/:  FOR  r.'.=  i  TQ  l5:LFRnj 

T  a/:lFR'INT  chR'/<12: 


-  Diode  LASER  parameters 


Diode  LASER  output  slit  coordinates— 

Beam  anqul ar  wi dth  ; " 

psroendicul ar  to  the  active  laver- 

parallel  to  the  active  layer - 

Center  wavelength  - 

Standard  deviation - 


59®0  riE£SA6ET=  1  nt  i  no  of  Cradle  file  "'-►CDLDEF?- 


" -^E XT;  J--*- ■'  comp  let 


CPwDLE.  5ou''ce  code  listing. 


*000  r— - 1 

6001  I  -  Edit  routines  Cradle  and  Epectrum  - 

6002  ■  - - 

6007  DEP  SEG*0:FO(  E  ^H418,PEEf  (.•.-H417)  AND  227  BET  CURSOR  KEYS  ON 

6004  DEF  SEG»0:ROK.E  !<H4 1 A  ,REEl  <-*'.H4  IC )  ;  DEF  SEQ  CLEAR  THE  KEY  BOARD 

6005  edit.cal  17.«-i  :SCRNACTV.-4:G0SUB  llllOtCOLOR  2,0:CLS  'Open  editor  screen  in 
page  2 

6010  ON  EDITACTV.  GOSUB  6170,6020 

6011  EDITACT'..-0!  5CRNACT*.>1  iGOSUB  1  1  !  101  MESSAGE^ ="Be  euro  to  save  your  ■*edtj-+  ' 
il4  Detore  you  e-it  this  progr am" : RETURN 

6020  ■  , - - 

*021  I  -  Edit  Cradle  File*  EDITACT\=r 

0022  ‘  >»- — ■  -  ■  ■  II.-— -  ■  -I  ■  ■  ■  -i 

6030  GOSUB  12000  Generate  screen 

6032  Oiv/  KEY  (7)  GOSUB  12650 

6033  'ON  KEY (4)  GOSUB  12670 

6034  ■tEY(3>  0N:t;EY(4l  ON 

6035  Cratfle.ROTV.-iiGOSUB  12750 

6040  I  II--.  .  I— 

6051  'I  Ejipect  key  tor  editing  Cradle  I 

6052  '  I - 1 

6060  GOSUB  126301  iF  modoV,  then  aJ*inl  else  6060 

6070  IF  LEN<Af  ) -r  then  Aa-RIQJHT^  <  A*  ,  1 ) 

6000  IF  A#«CHRt(27'  THEN  EDT*-"Cr ad  I e" ; KEY < 2)  0FFiKEY(3)  0FF:KEY(4)  OFFrRETURN 

6090  IF  A#»CHRJ'(13)  THEN  GOSUB  12695 

6091  IF' A#»CHRa<61  ■'  THEN  GOSUB  12650 

6092  IF  A*eCHRf(62)  THEN  GOSUB  12670 

6100  IF  A*»CHRi:<72'  OR  Aa-CHRX(75)  THEN  QOSUR  12690 

6110  IF  A#»CHR*  <77)  OR  A;a«CHR»(e0'  THEN  GOSUB  )  2695 

6111  it  «»»chp»(7l)  then  cradl  e.  rot .  new*/.*l  i  goeub  127P)0  home 

6112  it  «#«chrT(79'  then  cradl e. rot . new%»20i gosuP  12700  'end 

6113  it  a»«chri(3l>  then  gosub  12000iGOTO  6035  'redraw 

6114  it  a*»chrjf77,)  then  6115  elee  6117  pageup 

6115  cradl e.  rot  •  newV.-cradl  e.  rot '4-4 

6116  it  cradl  e.  rot .  new’/.'  1  then  cradle.rot.new'/,»l  i  goeub  12700  else  gosub  H'OC 

6117  it  a»*chrR<8l>  then  6119  else  6120  pagedw 

tol  IS  cradle,  rot .  new'/.»cradl  e.  rot'4  +  -i 

611R  it  cradle,  rot.  new'/.  20  then  cr  ad  I  e.  rot .  new'/.«20i  gosuD  12700  else  gosuc  :2~CC' 
6120  GOTO  6060 

61,3.0  - - - 

6131  'I  Edit  Spectrum  tiles  I 

6132  '  ' - 1 

6140  GOSUB  15000  Generate  screen 

6162  ON  kE'T'3)  GOSUB  15520 
6173  'ON  KEY  (4)  GOSUB  15‘:'40 
6184  f.EY(3V  0N;tEYi4'  ON 

clR5  Spectrum,  RDT'',s!0  j  mosuE*  15310 

6200  ■  - , 

6201  I  E;;pBCt  input  conrtol  I 

6202  '  > - - - 1 

6210  GOSUB  15^30:  modo'4  then  a/'^inf  else  6210  • 

6220  IF  LEN  ' '‘f  '  -7  THEN  AT  rrP  ]  r.wT  j  <  AJ  .  1  ■ 

6230  IF  Aa«CHPT  .'27 '■  THEN  EDTT*"Spectrum"  ;  t  EY  (2'  DFF;hE'i(“'  ORP  ; !  E''  .  J  '  7FF  ;  077'J!'- 
1 15C0; RETURN 

t240  JR  AT=rHRr:i7i  thEN  GOEUB  15l50:qGtc  w270 


Generate  screen 


E;;pBCt  input  conrtol 


CRADLE. 

BAS  Source 

code 

listing. 

6241 

IF 

AX*CHRX  <61 ) 

THEN 

GOSUB 

15520: goto 

6270 

6242 

IF 

AJ=CHRf  <  621 

THEN 

GOSUB 

1 5540: goto 

6270 

6250 

IF 

AJ'*CHR4-  <  72' 

then 

QQSUD 

15670: goto 

6270 

6251 

1  f 

Af«CHR* 1 751 

THEN 

GOSUB 

15210: GOTO 

6270 

6  —  60 

IF 

Aa=CHRS-i77> 

then 

gosub 

15150:GOTO 

6270 

6261 

1  4 

AJ»CHRX  <80  ) 

THEN 

GOSUB 

15560: GOTO 

6270 

6262 

1  4 

aX*cnr X  <  7 1 1 

then 

gosub 

15730; GOTO 

6270 

6263 

1  4 

aX*cnr  X ( 79 1 

then 

gosub 

15780: GOTO 

6270 

6264 

if 

ax»chrx  <  73 1 

then 

gosub 

158-30:  GOTO 

6270 

62-65 

1  4 

aX*cnr X (01' 

then 

gosub 

15880; GOTO 

6270 

-6269 

1  t 

aX*chr X ( 46 ) 

then 

gosub 

16000; GOTO 

6270 

6267 

1  4 

aX"chr  X  3 1  1 

then 

gosuo 

15000: gosub 

1  15310:6OTO 

6270 

GO 

TO  -6210 

70(.’I0  ■  , - - - — - - - - - 

7001  '  I  -  Show  program  diagram  o'f  Cradle  — 

7002  ■  I - — — ■ — i — ■ — -  - - 

7010  screen  2 

70 IS  de-f  eeg**'ho800 

*^020  bload  "Crad  1  e . PIC"  ,0 

7070  a-f*i  nj.  eyj  5  1 then  7070 

7035  screen  0 , 0 , 0 ,0i  nessagei’*"Di  spl  ay  i  ng  o4  parameter  diagram  was  cc 
esstul 1 y“ s  return 

7040  screen  0, 0 ,0 ,0:  nessage4^«"Di  spl  ayi  ng  o4  parameter  diagram  was  at 
al y"rstr* ( temp ) sreturn 

4000  •  I - — - 

9001  ' I  -  MAIN  MENU  OF  CRADLE  PROGRAM  ^ 

9002  '  -  -  —  -i.ii  ■  ■  I  ■  , 

9010  TITLE^-"CRADLE":T»*"Main  Menu” : GOSUB  9900 

9020  attry.*95ib7.»2ta7,-l 

9021  a*-STRlN01 <80,205) igosuo  9996 

9022  FOR  bV.«3  TO  9t  a»«STRIN5»  (80,32)  i  gosub  9996fNE)(T 

9023  bV.-lO:  a^»'5TRINQl<30.205»  sgosub  999^ 

9030  &*-;»3:  a*'.»  1  ;  a.r="  CEC  ] .  .  .  •  Edi  t  Cradle  parameters gosub  999fr 

9031  5  a C LC  3 .  .  .  . Load  Cradle  parameters gosub  9996 

?032  E7.»5s  a  CSC  3  . .  .  .  Save  Cradle  par ameters "  j  gosub  9996 

9033  &v.»6»  a-f®"  C VC 3  .  .  .  .  Vi ew  Cradle  parameters "  s gosub  999fe 

903-4  B'.  =  7 s  a/“ "  CrC 3  .  .  .  .  Pr  1  nt  Cradle  parameter s "» gosub  999^ 

9033  a/""  CW] . parameter  definitions  di  agram"  :  gosub  9996 

9p36  B’/.>=9;  tC3 . Calculate  Total  Absorpt  i  on  gosub  ^996 

9040  p%»3:  a7.»40j  #/■"  CES3 . .  . .  Edi  t  Soectrum  parameters"  :  gosub  9996 

9041  B''.“4  s  a.»»  "  CLS  3  .  •  .  .  Load  Soectrum  parameters"  :  gosub  9996 

9042  B7.»5;  ax»"  C  SS  3  .  .  .  .  S<!ve  Spectrum  parameters"  i  gosub  9996 

9043  E<V.«iA. ;  nxa  "  r  VS  3  .  .  .  .  Vj  ew  Spectrum  parameters"  :  gosub  9996 

qOaa  pv,»7;  a/."  ICC  Print  Spectrum  parameter  gosub  9994 

904*.  E*;  =  0 :  a js. "  C  3 3 . channe'view  program  Def  aul  t s " :  gosut  9oc>,. 

9046  pv.*9 ;  ^  j.» "  r  Y  ] .  eX  1 1  program  <  press  eitne'"  twi  ce >  "  :  gosuD  999-, 

9O3'0  lorats  Ifi.licolor  15.0:aosub  ®99l  'Show  note' 

9  100  Af-MES5AGEf  :  BV.=  )  3;0OSU&  11170 

=  110  gosrt  1  1400;  1  oc-T-te  I  1  .  1  :  CAl.L  CLREOL:  A7.=7  •  BV.=  1  1  r  ATTPV.«  14;  Af*  "Ent 
c-r  — >>  ":GQSUB  9oqa:lQCATE  B*'.  ,  29;  COLOP  1 4 . 0 ;  9 1  tr  v.=  1  4 :  F  t  nv.- 1 ;  GOSUB  10 
OS'JB  ]  1  020;  PSTijPtJ 
00(7)0 

9901  Displav  Tr.p  line 

'■902. 

•  C.0.-  r220P  ,  0 ;  CL5 :  at  t  r  v.»94  ;  =  T I  tlE-I  ;  ■?'4=  t  ; &3  =  a'. :  ooE-ub  999;  ;  •?  1 1  '.“2  : 

;  ;  J"  -  "  V  i-rc-'.  gr.  " +VFR S  I ON^  ; -tics-.' b  '^99- 


CPADL.E.BA5 


SoL""ce  code  listino- 


P  eoe 


A:'»ei-LEN  i  Tl )  ;»ittrV.=  '?5:£,i’  =  T^  sqosub  P'‘?‘96:  attr  v.=2:  6GSU&  1 0BO0i  av.=40;  ^Xsde' r  r :  - 

C5wb 

PETUPN 

ooio  ■ 

•5011  Pefid  proqrain  contiguralions 

^‘912  ‘ 

9®13  on  error  ooto  9914; goto  9920 

®«14  1*  err=2.2  OP'  ERP*62  then  (i>eisaae»="F'l eese  Con^fioure  vour  CRADLE  prco-r-n.  'C 
Oticn  CDl  Prom  \-he  MAIN  MENL.  )  "  ;  spcdePl'="NULL‘' :  cdldePf*"NULL'' :  retL-me  '->  >‘’1  =  .3£  ^ 
00^10 

<5^-20  CL0SE41 ;  OPEN  'conPio.cdl"  POP  IMFUT  AS  1 

®V',C  I  nRUT#  1  ,  DP- 1  VET  ,  PATHi  .  E^T  I  f  .  E  <  T24  ,  SF  CDEFT  ,  COLDEFT 

'7®'l  CLOSE#  1 

wQ'22  on  error  goto  40000 

9040  AJ-COMMAND*;  CALL  UPCASE  ( AT  i  ;  I  F  I  NST9  ( AT  , -MASt “  '  0  THEN  prnt'/.*  1  :  1  pr  j  r,  t  '  P- 
inter  Active  at  "+time*+"  on  "■►da.teT^'’  "  ELSE  FRNT'-'.»0 

9042  on  error  ooto  9900 

9045  IF  SRCDEFX--NULL"  THEN  -fV.-Otgoto  9960;  else  -fV.*! 

9950  ARCHIVOX»£F'CDEFX;gosUE<  4140 

9060  i^  cdl d#+ x«''NULL''  then  ooya  else  P*/.»f*/.ri 

9965  archi voX*cdl det X; gosub  4440 

9070  nies5a(^ex*  •■Program  configured.  "♦strX  (f  %>  ♦'*  File(s>  loaded" 

9971  on  error  goto  40000; return 

9000  «rr«52  then  f  v.«f  •/,- 1 ;  goto  40171  else  40000 

9990  RETURN  . 

9991  Ay,»5;  BV.*CSRLIN;  ATTR*/.«15;  AX=:"N0TE;  Unless  otherwise  specified,  all  dimension 
s  should  be  given  in  cm.":QOSUB  999^,  j 

9992  B*/.»B*/.-tl  I  AX»"The  wavelength  should  be  given  m  nanometers  and  the  absorption 
••jGOSUB  9996 

9997.  BV.»B/ia  1 1 Ax*"coe^f i Cl ent  m  inverse  centimeters.  Angular  apertures  snculd  bo 
■jGOSUB  9996 

9994  BV.»B‘/.r  1 :  Ax=  "gi  ven  in  degrees GOSUB  999^ 

9905  return 

909*  DEF  SEG»0;PAGE*/.»F'EEI  <1122' :OEF  SEG;CALL  »  OPP  INT  (  AX  . &V. ,  A*/. .  ATTRV. ,  F  ARE'.; )  ;  F.ETij' 
N 

10000  '  I  ■-  - - 1 

10010  I  —  This  routine  sets  Dayx  to  the  current  oay  of  wsci  anc  returns  —  ; 

10020  •  I - - 

10030  DAYV.-0:CALL  WEEK  DAY  (  DAY'4)  ;  DLENV.-VAL 'MIDX  ( ■’3T-465r5"  .DAY*/..  1  >  1 

10040  DLOC*/.»ASC  (MIDx  (  "ADGK  QVV"  ,  DAY*/.)  )  -64;  DAYX-fllDX  <  "SunMonTuesWednes Thur  sFr  iSat  u 
r  "  , dl ocV. ,dl  en*/. )  •►"day " 

10050  MONTH*/.»VAL  <LEFTX  (DATEX  ,  2?  >  :  DAYV.aVAL  'MIDX  -  DATEX  ,4,2)  '  :  YEARX*  (RI6HTX  (  DiTEf  .  4 

'  ) 

10060  ■  Get  the  Month  "ame  - 

10070  dlen’/.»val  hnidXf  '7S5  jT4469792"  ..nontn'l,  1  ■ 

10080  dloc*‘'.*asc  <mi  dX  (  "07"'DIl9TZc  jr"  .month*', .  1  >  >  -4*- 

10090  fflonxami  ox  (  "  Januar'/Febrijerynn^rchAor  1 1  MavJuneJul  vAuaustSeptemberOct  JDeri',o-.  ■=»-■ 
ber  Derembe'"  "  ,  dl  oc'/. ,  dl  en*'.  ■ 

10100  '  19  16  21  26  2®  T7  7'  43-  72  7  = 

67 

10230  ■  -  lOCATE  1.  IE:  PR  INT  DAV.t;  MOMr;"  DAv  VEAP 

10200  ____  <53,.  yhi3  variable 

'.0300  DAYX  =  DAvj-^".  "♦MON.»*ETRX  (r.r.y". ;  ,  '•■►vearT 

10710  FETUr-N 


CRADLE.  PiAS 


Source  code  listing 


lOTCl  'I  -  This  routine  prints  5  -fr^m-i  an-j  inputs  characters  to 

inczr  ' - - - - — - - — — — — — — — 

10TTO  IRi'  =  line  input  string 

l03ao  INX  -  input  string  ii.e.  current  letter  being  proccesecj; 
1C350  FIG  =  m*;:imum  length  ot  IPf 
;0355  b‘;=CSRLlN:  AV.=ROS  *01 

10360  IF  M0D0V,=  1  THEN  Ch.f»chr#  ^  T2' :  LnV.»0:  call  st  r  i  p  a  p  X  ,  chf .  LnV. )  ;  i  p. 

n‘/.>  1  fflodo*/>0:  goto  10400 

103T0  IF  MODQV.-r  then  10400 

10380  1+  mocioV.=  3  then  103^0  else  10430 

:O3F0  chfachrl  '  32)  :  LnV.=p;  cal  1  strip  '  i  p.r  .  ch  I ,  LnV. ;  ;  i  Dr=l  -.f  t  r  '  i  p  r  . ' 
1O40C  1^=1  en  ( 1  pf)  :  aX=i  p  r+str  i  ng  r  ( -f  i  gV.-l  an  ( i  px )  ,  1 77 )  :  gosub  9Q<9n:  ;  oc?' 
1 pX) ; gcto  10430 

10*20  IRX  =  "  ;  ’NX*"  "  :  i  V.=0:  b‘4=CSRLlN:  AV.sF’Cic  (g-,  .  a/=ST<FiNGX  (FI6V. ,  1'’7)  ;  g- 

10*30  IF  FIG7.  »  I  THEN  10440  ELSE  10450  'To  determine  which  -punter 
10440  r/.«r/.+  i ;  IF  17.  =  FIGV.  *  !  THEN  RETURN  ELSE  10460  Read  jcharcter 
rd 

10450  1V.*IV.+  1 ;  IF  17  =  FTG7  +  1  THEN  10590  "male  user  hit  ret-.-rn  or 
10*60  INX*1N1  EYX: IF  INX*""  THEN  10*60  'Read  ne;- 

10470  'proccess  character 

10480  IF  M0Da7=2  AND  LENfINX)»2  THEN  M0D07= 1 ; RETURN 
10490  IF  ri0D07»2  AND  INX=CHRX  f  27)  THEN  HODOV.®  1  :  RETURN 
10500  IF  HQDa7*2  and  IN»*CHRX(13)  THEN  HODOV.»0 ;  RETURN 
10510  IF  INX*"  "  AND  FIGV.=  1  then  GOTO  10460  no  space  cheracte'-  i< 
105-0  iF  INX*"."  THEN  GOTO  64490  ’  no  pe* 

10530  IF  INX»CHR'X  ( 13)  then  IF  FIG7*1  THEN  10460- ELSE  RETURN  Tests  • 
10540  IF  INX«CHRX(8)  then  V7*lEN  » IPX)  :  IF  XV.»0  THEN  GOTO  10460  ELSE 
,XV.-1  »  ;R7*CSRLINs  CV.-POSf0i  iLOCATE  R7 .  C7- 1 ;  i  7*  1 7- 1  :  PRI  NT  "iiLOCATE 

10460 

10550  PRINT  INX;  display  character  entered 

10560  IRX=IFx+INX  add  character  to  line  input  string 

10570  GOTO  10*30  get  i  nc  I  *  get  ne-'.t  character 

10580  Once  reached  FIG  limit 

10590  IN.T«IN1  EYX:  IF  INX*""  then  10590 

10600  IF  H0DG7a2  AMD  LENnNX>*2  THEN  H0D07*  1 ;  RETURN 

10610  IF  H0D07=2  AND  :nX*CHRX<2T)  THEN  HODO’/.s  i  :  RETURN 

10620  IF  HQD07=2  AMD  INX*CHRTri3'  THEN  HQDO-..0:  PETURD 

10630  INX®CHRxi8i  THEN  105*0  allow  only  bad  space  cr 

10640  IF  INXaCHRX ( 13)  THEN  RETURN  ELSE  GOTO  10590 

1 1 000  '  I — - - - - - 

11001  '!  -  Routine  to  center  a.  etrina  (aX>  on  the  screen 

1  1  002  '  I - - - - 

11010  Fi7*INT  r*!- (LEM  (AX  ■  '3d  iRETURN 

1  1  0:'0  - - 

110-1  I  -  Pc.itins  to  convert  a  string  I'aX-  to  upp*r  ra  =  o 

1  1 022  '  I - - - ■ 

11030  CALL  iJPCASE(AX> 

11090  FETijRM 

11090  - ^ _ _ _ 

1 )  1  -  Routine  to  accept  one  lev  trom  the  I  evboarrd  ('ipper  r^i 

11092  I-- - - - 1_ 

11100  1 1  ms  .  0'jt7'=C  !  nr.  timer  f;>  ancub  1  1  I  0* :  1 1  me.-  on 
'.  M01  ax-INI  EyX:IF  •  them  11102  ELSE  11103 

'11G3  d  t  ■:  ms  .  .p'.itV  =9  t  HEt-.'  f-'r3E.CFr-'r'="E?l  set  3  Ci-  1 1  •■ps-ni..t  "  ;  3  <•=  •■  .  .,,rr.  . 
1;103  GOSUE'-  11  020  in  ms-  ctY;F.  E~UE^^ 


~r<MDLE. 


F'?0  = 


;  1  1 T  I  ME .  OLiTv.  =  t.  1  me .  out  I :  ret  '.'rn 

1  1  1  lei  •  , - 

111::  I  ■  -  RoL'tine  tc  record  i>na  co^nco  screen  c='Qes 

1  •  ;  ;  2  ■  I - - 

li:2C  Otv  SCKNACT':  I'OTO  n  iTa  .  1  1  1  40.  i  1  150.  1  1  160.  1  1  141 

’’.ITC  SCREEN  0,0, 0,0:  RETURN 

:  1 ! 40  SCREEN  0 . 0 . 1 , 0 : RETURN 

11150  SCREEN  0 . 0 , 1 . 1 : RETURN 

UlsO  SCREEN  0,O.Z,  2:  RETURN 

’  •  1  s  1  ?C'=EEN  0.0.1  .  2 :  RETURN 

1 : 1  ■’0  ■  . - 

1  1  l l  ’I  -  Ro'-itii'ie  to  disole'^  e  meeseae  et  line  BV.  tne  screen 

1  1  ! 72  ■  I - 

I’lieO  locate  BV..1:CALL  CLPEOL 

lllEl  ATTRV.=  i5:  SORiJB  1  1000:  gos'-ib  99R6:RETURN 

11190  - 

111®1  'I  -  Routine  program  the  printer  (EFSDN/IBn  compl ati bl es ) 

11192  -  I - ; - 


1  1200 

ON  RRNACT".  eorn 

1 12 

10, 11220 , 11220, 11240, 1 1 

1  1210 

lprint 

rHRJ'(2T)  : 

"A" 

;  : RETURN 

I  1 220 

LRR I  NT 

CHRr  1  2*')  ; 

"E" 

:  :  RRNACTv.=2;  RETURN 

1 1220 

lrrint 

“HP  t  '2“''  : 

"F" 

1  :  RPNACTr.=2 :  RETURM 

11240 

lrrint 

CHRT  .'27)  ; 

;  : RETURN 

1 1 25-0 

lprint 

CHRx  .■27t  : 

■•E" 

:  : RETURN 

11200 

11201  'I  — —  Routine  to  display  screen  in  rapid  aecuence.  — 

11202  ■' - - 

11221  DE9  SEG*0:  PAGEllaPEEl  a  122)  :  DEE  SEG 

1  1 222  call  XDRR  I  NT  (  AT  ,  BV, ,  AV. ,  ATTR7. .  RAGE*/. )  :  RETURN 

11400  • 

11401  Show  defaults 

11402 

11410  p*/.“20:  att'"'/.»6:  i  ■*  spcde'f  T« “  "  the'’  epcdeT  t»"NULL " 

11411  I'f  cdldefJ-*'"'  then  cdl  de'f  X*="NULL" 

11420  LOCATE  &*■'..  1:CALL  CLREOL :  "  Dat  a  D'-ive  r.  R'ath  - >  '♦n.- 

thJ:G0SU&  llOOOigosub  99Q.^ .  t ‘/.■p ’/.♦  1 

:1420  locate  t’.,l:call  cl  red  ;  a.i*''C.'r''ent  Spectrum  ■»  i  l  e  :n  memo'-v  "*-cr- 
.  "  ■•e:' 1 1  T  j  gosuD  9=Q.i  ;  '4*  1 

11440  locate  b''.,l:call  cl  reel  :  aJ»"rj_;rrent  Cradle  x  1 1  e  in  memor-.-  — i  "■•-cc 
.  t2T;g'C‘SU.D  9®9t;  tV.=tiV.r  i 

1  1450  locate  til.  1:  call  clreol:if  prnf'.  then  a-r="F-RINTER  ACTIVE  FOR  DE?'.*’: 

•  <  /I  C  c  r*  9  r- 

501  '  -  OrD  CHEC'  RO'/l'^lNE 

1  1502  I - - - - - 

11510  GOSUB  ltlOO:rF  SFCL  I NES*'./ 2»  I  N't  '  5RCU INES*'. '2 '  THEN  GOTO  115 
l'i520  ar="Warnina,  vgu  can  t  have  an  e-'pn  nuPer  o*  data  pairs 
1*  editirc" 

11520  b*l*25:  a’'.-l  :  att-’'.=  i  1  ;  QQ,r,_,ci 

cocut)  11090:1*  a.fs""  tnen  sO'*nn  1 00 . 5 :  not  o  1 ' 54  0 
11550  ^  S  =  r  t~ir  r  7"  rno*-  .-tit-iirn  »lc.  o  .-Mt-.irr-  w2l0 

!  rnoc  — - - '  _ I___I _ 

'-p.ni  ■ - 

.  ■'r,n"‘  ■ _ _ _ 


e  f-*r  r 


r  ni  l  *  I  ^  e  = 


ri  u. 


“F AHi E . F-? 


SoL'fCo  cod^’  I  1  no 


l23Ct'  ~0L0=^  ,  0;  X  x-'.=  1  ;  yvv.=~  :  FC'CM.r=-"«»ti  .  «#« 

12010  &■/.=  1  :  a‘'.=  1 :  (?-f  =  "Cr  enJl  e  E-litor  Editing  Fill?  :  "+CDl..DEP’i’;  artf 

00 


■!  2020  d'-ls^C; 

a  J  =  ptf  I  MET  <  80 , 1  P6 )  ;  ooeud  1  1  200  •  at  t  r  "4=2. ; 

12020  tiV.  =  2 

:  ax  =  ‘' 

FO'* 

" : dcsuh  11200 

12040  riv.=4 

:  af  -” 

1 

1  — Lens  radii  c-f  curs-ature  ~irst 
" : goaub  11200 

1  -LASl 

12050  P'.=5 

;  af®" 

!  Second 

1  — P017 

r act  1 cn 

! 

" : noauh  1 1 200 

1  20^0  F*..*-;- 

:  ax«" 

1 

1— Fositicn  ct  the  lens  sur-face 
" : gosub  1 1 200 

1 

120T0  EV.=-x 

;  af®  " 

!  closest  to  the  rod 

k=  Ja- 

ant  paramet 

er  3  i 

■' ;  gosub  1 1 200 

12000  EV.r:e 

;  ax  =  " 

1— Pull  aperture  o<  the  lens 

1  — Jaci 

1  U.5 

1 

gosub  11200 

12090  B7.«F 

:  ax*" 

!  pair  Bvatem  in  degrees 

1  -^laci 

i  us 

1 

gosub  11200 

12100  B7.al0 

;  ax=" 

1  — Edge  thici-ness 

: 

et  r  art  1  on 

1 

gosub  11200 

12110  E7.=  1  1 

:  aX=" 

1 

1  — Gao  between  lenses 
gosub  11200 

1  — JaC' 

12120  B7.-12 

:  aX* " 

1 

1 -4_ehs  glass  inae-  o-f  re-fraction 
"i gosub  11200 

1  -Coo! 

121T0  E.’/.«ir{  «J-'‘  I  ■"  ■  ^  ■!,■■  i„  N  I  ' 

*■*====(  "!  qcsuD  11200 

121A0  B*/.«14:  aJ'*"  F=  Diode  LASEn  per«meters  atBmBassaaB=aBBB^Baasaa==Bf. 

anaMEWBasBav  "  ;  qosub  1  1  200 

12150  DV.«i5;  aj*"  I -laser  medium  inde;:  o4  re^rsction 
r'sgosub  11200 

12160  E".*  1 6:  A-T*"  I -Di  ooe  LASER  cutout  slit  cocroin«te* 

I :  gosL'O  11200 

121'70  E".=  1  :  AX="  I  — Beam  angulAr  width  r 

- 1  1200 

121  SO  B'.s  1 8:  A  j  =  "  I  —F'er  oena  i  cul  ar  to  the-  active  laver 
t  Commands  !'‘:gos'jo  11200 

121.^0  &'•'.«  1  o ;  Af= "  I  Aral  lei  tc  the  actis'e  1  aver  i 

'•fvi  the  sc-een  :  "  ;  gcsuc  It'OC 

12200  Ei*/.  =  20:  a-T*"  I  — Cent er  wavelength  I 

P'4  Save  tile  '"igosub  11200 

12210  &V.  =  2l :  a/*"  I -Standard  deviation  i 

to  O'.n  t  edi  t-or  i";dosL'b  11200 

12220  F''.=22:  axs  "  - - - -  -  ■ 

I  I  ll■-I"  ■  ^  "  rgosut:  1120C 


Driht  -.ariables  I 


FQP  rradl  S.POT-.  =•  TC  20;  CI.F';-0:  C2L0F  S  .  I  :  ROSiJf-  1  2400;  ME^T:  cp 


.  ■?!■; ’te  jat  -T  p-  pv". 


“OSl.F  12200:  LOCATE  P  V',  .  F  t  %  •  F  E  T:  IR-J 

I"  CrAPi  o.p-nTv  =7  them  rvv.=7.s--/ yv  ELSE  12220 

O'"  r-..  a,.  p  p-r..  nriTH  ;  2"r02  -  ;  2~02  .  :  2~0h  ,  I'-OO  .  1  2“0i  1  222"  .  '  2to<^- 

c-v  :  pPTi_ipr-j 


CP'-'iOL  F .  5c-i.ircp  codf?  listing.  f  ?a«»  'T 

;rTC5~  FV.-',  y.'.f 2;  FETUFN 
IZTC-J  r  y-.»yv; -d:  RtlTUf^t'i 
12~PF  F-Y*'.nVV>^:  RFTIJFN 
izret-b  r  vV.aYVV.  +  7;  RETURN 
ITTP-  F  Y'.sYY*4-t-&:  RETURN 
ir'TtV';  F  V% ay  YV,+«»;  RETURN 

ir  Cr«dle.ROTV.=R  THErJ  Fyv.=Tl '■>'X'';;Rvv.=  ry'-?.:RET'jRN 
irr^O  IF  Cr*dl*.  ROTV.  al  V  THEN  RX/.■4•9■^/ <•/.  ELSE  12T65 
;rTE!?  ON  Cradle.  ROT/.--  GOTO  1 2760 . 1  2710 . 1  ITol  .  1  OTo:; .  1  OTcr .  1  CTi<» 

12760  kRYV.*VY%+l  :  RETURN 

•  7~  I  •.  Fv,.=  ^  v.+S;  return 
1 27'- F  >'•/.=  r  v,'  f  ;. ;  return 

•  i:  -  7  F  Y-.aYY*>B:  RETURN 
l27t  F  FV/.-YVV.*^:  return 

:r.~-6f  IF  Cradle.  ROTV.*  16  THEN  F  y-/.  =  5 i xy.: F yv.sY YV.» i7;  RETURN 
:276c  Rxv.a7:9+xxv. 

12767  ON  Cradle.  R0TV.-17  GOTO  l  2768 , 1 276‘? ,  1276:, ,  1 1770 .  1 277 1  ,  1  2772 ,  1277- 

12768  FV>YVV.  +  1 2:  RETURN 
1  276'?  F  Y".«  YYV.+  i  -  :  return 
127''0  RYV.«yy*>  15:  return 
1277  1  F  Y*..»YVV.+ 16:  RETURN 
:2772  F  yv.«YYV.+  i7:  return 
:i'7'7  Fy:*YYv.+i Qi  return 

12400  •  - - 

12401  I  Display  Data  in  wmdOM  I 

12402  ■  ' - ^ - ' 

:2407  GOSUe  l2270:CLRf«3TRING# ( 10,72) : IF  CLftV  THEN  PRINT  CLRX;:RETURN 

12410  ON  Cradle. ROT*/.  GOTO  l2420,1247O.1244e,12450,:2460,l2470.l24eO,124«e,i2ECC'. 

12510,12520, 12525,12570, 12540, i2550, 12560.12370, 12380,12590,12600 

12420  PRINT  USING  FORtIf ;  R I :  RETURN 

12470  PRINT  USING  FORM#: PO: RETURN 

12440  print  using  form#; XL: RETURN 

12450  PRINT  USINf?  FORM#;  AP«NGLE:RETUR'N 

'.lacO  PRINT  USING  FORM# ;  TE:  RETURN 

12470  print  using  form#; TG: return 

>24G0  print  using  form#; INDEX; RETURN 

1 -4Q0  PRIM*  USING  FORM# ;RROD; return 

12500  PFTNr  USING  FORM# :NR0D; RETURN 

1  :510  PRINT  USING  FORM#; RWATER: RETURN 

•2520  F-riNl  USING  FORM# ;  RJACLET  :  RETURN 

:„‘-'25  frinT  USING  FORM# :NJACr.ET;RETi.iRN 

i::77(;i  PRINT  USING  FORM# ;NWATER;  RETURN 

12540  FRINT  USING  FDR'M#!  N;  RETURN 

i'..'--50  i-RINT  US1N7  FORM#;  XD;  return 

127:0  RRIN''  iJS)Mi',  FORM#  :  r  2;  RETURN 

!  S'O  tf-iNi  USING  FORM#;  TPR:  RE  NJFvN 

12560  PRINT  USING  FORM# ; TFR ; RETURN 

i25‘?t'  FRIN'i  USING  FORM#  ;LAMSDA0;  RETURN 

12200  Pi-:  NT  iJStNR  F  DRM#  ;  S  I G ;  RE7UKN 

:  2i  1C  - - - 

12oll  Ole?'*  Cyaol  e .  PQTv.  ana  5e7  cjrsor  ! 

:2  c:  12  -  -  -  — ■  ■  .  -  —  .  — - j 

1262G  COLOR  5 . 1  :  Ci.F.*/.- i  ;  GQSUt  1240t5:GOSUS  12270;  CLR’yC;  RETijRr; 


Get 


I  O  P  t 


C  ivmDLE.Liai: 


Source  coae  listina 


Feqe  1-- 


ILSoO  ■ IF#»STRf (RRODi : RETURN 
12870  •  IR  J»STR  J'iNrOD)  :  RETURN 

iresp  ■  iRr-STR-f  (Rwf^ter>  :  return 

i;990  IPJ»STRX(RJAD  ET) ; RETURN 
12900  •  IF-r-Sf  Rf  (NJACt  ET  )  :  RETURN 
12910  •  I Rr«STRJ- (NWATER)  :  return 
12920  ■ IFr«STRr (N> j RETURN 
129TC  • IP»«STR*{XD) : RETURN 
:2‘’-i0  ■  IPf-STRf  '  VD)  ;  RETURN 
12^50  ■ TPr»STRf (TPP' ; RETURN 
1  G  1F  »“S1  R-r  (  TPR  '.  s  RETURN 
l-joTj.  I P r-'^TRl' (LAM&DA0)  ;  RETURN 
12'^af  •  I^^r•=STRXl51G  >  :  RETURN 

12®F>0  ■  - - , 

129R1  I  Set  v«r  with  ip-f  1 

12992  ' ‘ 

12995  ON  Cradle.  ROTV.  GOTO  1 4000 . 1 4035 . 1 4010 ,  14020, 1402.0 , 14040 , 14050 . 1 4060 . 1 40”e  . 
14030. 14090.14100.14110, 14120,14120.14140.14150,14160,14170,14180 

14000  R I -VAL ( 1 P* >: RETURN 

14001  RO-VAL ( IP*'  I  RETURN 
14010  XL-VAL < IP*' ; RETURN 
14020  APANGLE-VAL (IP*) ! RETURN 
14020  TE*VAL ( I P* RETURN 
14040  TG^'VAL  ( I P*  ):  RETURN 
14050  INDEX«VAL ( IP*) i RETURN 
14060  RR0L'"VAL  <  IP* '  ;  RETURN 
14070  NROn«VAL<IP*):RETURN 

1 4080  RWATER-VAL (IP**;  RETURN 
14090  RJACKET-VAL ( IP*) : RETURN 
14:S0  NJACKET-UAL ( IP*) ! RETURN 
14110  NWATER-VAL ( 1 P* ) t  RETURN 
14120  N-VAL ( IP*) : RETURN 
14120  XD-VAL ( IP*) : RETURN 
14140  YO-VAL < IP*) ! RETURN 
14150  TRP*VAL( IP*)  1  RETURN 
14160  TPR-VAL ( I P* ): RETURN 
14170  L AMBDAO-UAL ( I R* ) ; RETURN 
14180  SIG-VAl ( IP*' ;RETURN 


15000  - - , 

15010  I  Spectrum  input  routines  (Generate  cisplav)  | 

15020  ■  I -  ■■■  -  ■  —  ,  -  I 

1 502 1  SPC .  COLOR .  H IV.®  1  4 :  SPC .  COLOR .  L(jWV.»2 :  SPC .  COLOR .  EiGV.«*0 :  CLR*=STR  I NG*  ( 1 0 . 22 ' 

15020  COLOR  SPC.  COLOR.  LOWV. . SRfJ .  COLOR.  BGl',:  LLS;  bV.-l :  1 :  attr'/.*>2:  a*=  "Spec--' urn 
Or";n03UD  i 

1502;  b7.“  1 :  *‘/.*20 :  a*=  ■' Curr  tjnt  Pile  " -►SRCDEF* ;  eosub  Dierlev  cur'-cn-  t; 

15050  b‘/.»2i  4i7.»l :  AJ*="Wavel ength  "  ;  qosub  3-/,a40;  cosub  9996 

15051  e>V.»15t  A*»"AbsorDti  cn  coe-#  ^  i  c i  ent  "  :  nosuo  9996;  aV.»55t  gosub  9Q9e 

15052  b V.»4  8  a‘/.*4 ;  A*="  ( nm '  " ;  gosub  999.5;  .^•/.■43;  gc-sub  9995 
15052  aV.*21 :  A*» "  ( r  m  - 1 )  " ;  gosub  999^;  al'.*62;  aosup  999^, 

15054  #’4=.;  :  hX->2:  a*=':TRINu*  (90.  1  96  )  ;  aosub  9996 

150'^'^'  3X-"  rJears  all  entries  t'o  rero  -  R2  load  •from  dis)  -  fj 

disi  " 


Ed  1  r 


12059  attr7.*i5:  go«ijn  llOOOigosub  9995 

1207'.)  pnp  f,-/.  *  1  rn  2O 

ir.t'tKT  lOCA’’ E  ■  I  4.'>4  .  ,  1  ;Ff!rn  USING 


CPADLE.BAS  Source  code  listing. 


15090  LOCATE  <  A'/.-t-4  i  .  4  :  PRINT  USING 
15100  LOCATE  <AV.+4>  ,10:  PRINT  USING 
15110  LOCmTE  i,%''.+4i  1  ;  print  USING 

15120  LOCATE  .A',:  +  4i  ,44;PRINT  USING 
1515C  LOCATE  .AV.  +  4)  ,60:PPINT  USING 
15140  NE^T  AV. 

15140  RETURN 

15150  - 

15151  1  Right  Scroll 

15152  I - 

15160  GOSUE-  152T0  Clear  old 

3  51 70  Spect'"um .  R0TV*5pectrum.  PDTV.+ 1 

ISISO  IF  Scectrum.  R0T7..  »S0  THEN  Spectrum.  POT*/.'»0 
15190  GCSUB  15710  set  new 

15200  RETURN 

13210  •  , - , 

15211  'I  Le-ft  Scroll  I 

15212  ■  ' - 1 

15220  G0SU&  15270  clear  old 

15230  Spectrum.  ROTV.*spectrum.  R0T7.- 1 

15240  IF  Spectrum.  R0TV.  »-l  THEN  Spectrum.  R0T*/.»79 
15250  GOSUB  15710  set  new 

15260  RETURN 

15270  •  , - ^ - , 

1527 1  I  Clear  old  I 

15272  ■  I - ^ - > 

152B0  COLOR  SPC.  COLOR.  LOW/.. SPC.  COLOR.  B67. 

15290  60SUB  15750  set  address 

15300  RETURN 

15310  ■  - - , 

15311  'I  Set  New  I 

15312  ■  ' - ' 

15320  COLOR  SFC.C0L0R.HI7..SFC.C0L0R.BGV. 

15330  GOSUB  15350  set  address 

15340  RETURN 

1 5350  ■  - - - 

15351  ' !  Set  address  ! 

i  •  -  ■■■■  ■,,» 

15355  Spectrum.  f  ;EYV.*0:  Spectrum.  WORD7.“0 

15360  IF  Spectrum.  R0TV./2-INT  (Spectrum.  R0TV./2'  THEN  C0L'''.»4;  FORNr«"«#e 
L7.-20;  FORMt #44#"  ;  Spectrum.  I  ET  7.»1 

15370  IF  Spectrum,  ROTV.  79  THEN  COL7.*COL7.f40;  R0W7.=Spectrum.  ROTV.-40:  Ex 
-20  ELSE  ROW/.=Soectrum,  R0T7, 

1  5780  RONV.a  I  NT  (  ROW'/.  /  2  ) 

15790  Soectrijm.  WORDV.^Spectrum.  W0RD'/.+K0W4 
15400  locate  RGWV.+5,CCL7.:RRINT  CLRJ; 

15410  LOCATE  RQWV.+S.LOLT. 

15415  I"^'  Spectrum.  (  EY7.  THEN  RRINT  USING  FQRHI:  AABS  ( Spectrum.  WORD’/.*  1 
USING  FORMX;  lambda  '  Spectrum.  W0RDV.*1 '  ; 

15420  return 

15470  ■  - - , 

15471  ' I  Edit  -outine  I 

15472  ■  i - — - 1 

15477  locate  27.1: call  clreol 

15474  PTTRt;  =  ?;  ^nodo''.  =  7:  a-f=‘'Enter  new  datum"  :  bV.  =  25:  a'.~  1  :  ocruD  ^ j 


••  4444 .  4  "  ;  lambda  i  mV.  )  ; 
"44. 4444"  ;  AABE  '  AV.)  ; 

••44" ;  20+AV.; 

••4444. 4" ‘.lambda  '70+Al:)  ; 
"44. 4444"  :  AABS  (20  +  AV./  ; 


CRADLE. BAS 


Source  cods  listing. 
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IS4C5  locate  b’4 , 1  en  <  af )  1 :  col  or  7- 1  ,  i3:  pr  i  n  t  i- 1  :  COLOR  7,0 

I  5440  •  COLOR  SF  C  .  COLOR.  LOWV.  ,  SRC .  COLOR.  B6"'. 

15450  GOSUB  15750  set  address 

15460  LOCATE  R0w:.+5  .  COL*; ;  RR I  NT  CLRR ;  :  LOCAT  L  R0w*,'.+5  ,  CDL*/. 

15470  IP  Spectrum .  I  E  T*'.  THEN  IF  .r®5  TRS  (AABS  < Spectrum.  WORD*/.-*- 1 )  ;  ELSE  I F  =  i  i  r  (  l-hNE 
DA  (Spectrum.  WORD*'.+ 1  ■>  ' 

154G0  SOSUB  10TC0;i-f  modo*-;  then  return  ELSE  IF  VAL‘IRR»-0  THEN  IN»*CHR4- f  1 7- ;  MODO 
•/.■  1 :  RETURN 

15490  IF  Spectrum.  1  EYl;  THEN  AAE-S  '  Spectrum.  WORD*/.*  1 '•  »OAL  ( IRS’ i  ELSE  LAriBOA  ■  Spec  t 
.WORr*'.+  l'-v'AL'  'Fn 

15500  GOSUR  157-10:  gosuP  15150  Reset  variable  t  Scroll  right 
15510  return 

15520  . - 1 

15521  I  F7-  -functiom  lev  call  iLoad)  ! 

15522  «  . .  .  — ' 

15570  FILACTV.=  1  :  GOSUB  4000:  IF  Fr«"NULL"  THEN  a*»“Load  routine  aborted  '  ELSE  GC5L 
B  15000;  Spectrum.  ROT‘,i»0:  GOSUB  157-10;  a**“Lo«d  01  ,  "♦str  X  i  spcl  i  nee*/.  >  *  "  pa:''f’  o-'  c 
at  a.  “ 

15571  a*/.-50;  locate  l,a*/.:call  cl  red  ;  attr*/.-l  l  ;&*/.- 1 ;  GOSUB  9996:RETURn 

15540  ■  , - - 

15541  'I  F4  ^unction  ley  call  (Save)  I 

15542  •  I - ' 

15550  F1LACT*/,*2:  SOSUB  4000;  IF  F#«"NULL"  THEN  ar»‘’Save  routine  aborted"  else  ax--=  ' 
Save  Ol,"*STRX(SFCLlNes*/.)t"  pair»<e)  oR  data." 

15551  ay.«50j  1  ocate  1,  a*/.:  call  cl  red  t  attr*/.*i  1 ;  B'4»l ;  GOSUB  9996:  RETURN 

15560  '  I  I  -  .  ■  I ,  I  .  ■  I  ■  I  I  .-I  —  I  .  I 

15561  1  ley  down  I 

15562  •  I - 1 

15570  GOSUB  15270  clear  old 

155S0  Spectrum.  FOT*/.»Soectrum.  ROT*/ '2 

15590  IF  Spcct  m.R'OT*/.»80  THEN  Sp'fC  trum.  ftOT*/,“0 

15391  i-f  ipectr  urn.  rot‘';»8  I  tnen  spectrum,  rot*/.*  1 

15600  GOSUB  15710  set 

15660  RETURN 

15670  - - - 

15671  I  scroll  ley  up  I 

15672  ■  I - > 

15680  GOSUB  15270  clear  old 

15690  Spectrum. ROT*/.»Spectrum.  R0T*/.-2 

15700  TF  Spectrum .  RGT*-;=- 1  THEN  Spectrum.  R0T*'.=79 

15701  i-f  spectrum.  rot‘-'.»-2  trien  spectrum.  rotV.*78 

15710  GOSUB  15710  set  new 

15720  RETURN 

15,7-0  - - 

15771  ' !  Home  scroll  I 

15772  I - 

15740  gosub  15270  clear  old 

15750  spectrum.  rot*/.*0 

15760  gosub  157-10  set  new 

'.5770  return 

15780  , - : - , 

15781  ■  I  Eno  scrd  1  '  i 

15702  •  — - - 1 

‘5790  gosub  l527r  tIC 

1  5000  spectrum,  rr  t*.”7c 


CRADLE. BAS  Source  code  listing 


15810  gosub  15~10  set  new 

158C0  return 

158T-0  . - 1 

15831  1  Rage  up  I 

15632  '  - - - 

15840  gosub  15270  cleair  old 

15050  spectrum.  rot*4«5pectrum.  r ot'/.-6 

15860  spectrum,  rot*/.  0  then  spectrum.  rot*/.»0 

15870  gosub  15310  'set  new 

15871  RETURN 

isneo  : - 1 

15881  ■ I  Rage  down  I 

15882  •  - 1 

15890  gosub  15270  clear  old 

15910  spectrum.  rot"/.»spectrum.  rot'/. -*-6 
15920  spectrum,  rot*/. -  7Q  then  spectrum.  rot*/.*7R 
15930  gosub  15310  set  new 

15940  RETURN 

1 6000  •  - , 

16001  'I  Clear  all  entries  I 

16002  •  I - 1 

16003  LOCATE  25 , 1 : COLOR  l5,0;RRINr  STRINGS <79 ,32) i 

16004  af«"Clear  all  entries  to  zero'’ j  1  ocate  25,5icolor  15,0jprint 

16005  al’*inkey*Ji'f  a#»*"*  then  16004  else  gosub  llOCOii'f  a*"'’Y*'  then 
ocate  2'  liprint  stri ng* (79 , 32) j j return 

16010  ■for  i*/.»l  to  40 

16020  1  ambda  ( i  *4)  ■0i  aaos  <  i '/.)  *0 

16030  ne;rt 

16035  -KEYd)  STOP':  KEY  (2)  STOP:  KEY  <3)  STOP;  Kt:Y<4)  STOP 
16040  gosub  15000 

16045  •)EY(1)  0NjKEY(2)  0Ni)  EY<3)  ON:  KEY  (4)  ON 
16050  return  6195 

16100  •, - , 

16101  1  Find  ^irst  Zero  I 

16102  •  ' - - 

16110  ^or  i*/.«l  to  40 

16120  1  ■<  1  amboa  ( 1  */. )  “0  and  aaOs<iy.)*0  then  i  */.“i  *■'.- 1  s  goto  16140 
16130  neidilF  I *.>  41  THEN  13-40 

16140  spcl  1  nes*/.*i  *4;  I  •f  prnt"/.  then  Iprint  "SPCLlNES*/.  :  spcl  ines*4 

16141  return 

17000  - - , 

17001  I  Calculate  Spectral  and/or  Total  absorption  | 

1*’00'J  ■  ! - ^ - 1 

1/003  9-  t:.r»"CDL"  :  TQTAE:x«"PRN"  :  cal  act*/.*l 

17010  aT='"Sub  nenu:  S  .....calculate  Specti'um  r  . calculate 

1 1  on  "  :  p7.«  1 3 :  gosub  11170 

17020  a/-inievX;i^  aT»""  then  17020 

17025  t9moX""ST’'.t-chrT  I  27  )  ;  gosuD  11020;  if  i  nstr  ( tempi’ .  a-t )  "0  then  1701 
17030  I'f  ai«"T"  then  24000 
17040  1+  ai-C'r i  ^27 '  th-n  220 

2G.000  Ray  tracing  program  ■for  the  ca.lculation  o^f  the  energy  deposit 
20010  density  in  a  cvl  i  nor- 1  cal  ■'od  when  pumped  bv  eight  linear  ^rr 
20020  'o*  laser  diodes  arranged  around  the  rpg  in  a  symmetr; 
20032  '  coot ; gur at  1  on . 

30040  C-;*'.  ulate  spectral  absorption 


CR>iDLE.  SftS 


Courco  cooe  listing 


p'eiae 


1  ^ 


rcjoto  cis 
ri3o~i:  ■ 

100”)  t I t 1 eJ® "Cr adl e" : Tf«"Spectrdl  Agsorpt i on " : qosub  27000 
20100  APAMGt_E  =  r.  141S‘?265#*AFANGLE  '190  '  -'2' 

201  IS  '  ♦  '<L*S1N  (  Ar  ArJGLE' :  A*A+.l:  SA60«RC)-S0P' < RQ*-R0-A*A/4  I  ) 

20120  SAGl»FI-5G!R'FI*FI-A*A/4'  )  :  TC®  TE-t-SAGO+SAG  I ;  TPa2  '  ♦TC-^TG 
20120  locate  4,1:FPINT  -A  =  " ;  :  FKINT  USING  "«»#.#*♦«#  ";A 

20140  locate  5,1;FRInT  "TC  *  PF:INT  USING  ■•##.#«♦#•»  "  j  TC 

201S0  locate  6,1:FRInT  -TF  =  ;  PRINT  USING  ••*#.####  ;  TP 

20180  ■ 

r-OT'^O  'N»2..o;  GaAs  inde-:  ot  re-^raction 

2O2C0  INDE^  *  1 .  “j  16'v  i_ens  glass  mde-  o+  retration 

rril  lD  NJACt  ET  =  1 . 4525  C'l.ar-rr  jac»  ei-  mde':  o+  refract  i  on 

20220  riWATEP®1.2T  Coolant  mde;;  o*  retraction 

20220  ■ 

20240  locate  e,3:FPlNT  "Enter  range  c+  run  numbers  you  want  '♦rotr,  ;  r-,  ";pr.2wlij£ 
S7.;"):  print 

20260  PRINT  TAP  (45)  ;  ;  CX»P0S  <0)  :  CY*CSF;LIN;  INf-.'T  "Prom  :  ",RRUNr/.:IF  RPJM'.-^O  ~- 

EN  22564 

20270  IF  (RRUNIV.  0)  OR  (F  I- jf*  l  v.  spc  1 1  neaV. )  THEN  LOCATE  CY, CXs  PRINT  STR I NGX  ■  22  .  '  ■ 

)!  LOCATE  C<, CX;  GOTO  20260 

202S0 

202^0  RFInT  TA&(45'';;  CXsPOS(0):  CY«CSRLIN:  lNPUT"to  :  " ,  RRUN2'/, 

20200  IF  <RRUN2'/.  RRUNIV.)  OF:  (RRUN2V.,  *pcl  ineaV.)  THEN  LOCATE  CY,CX;  PRINT  STPlMGr 
20,""';  LOCATE  CY.CXj  GOTO  20290 
20210  ■ 

20220  LOCATE  12,l;cail  clreoliCOLOF  2 , 0:  attrv.»2;  F  R I  NT  "Enter  Title  " ;  ;  MODO'/.®0:  p  : 
Gy.«67;Q0SUB  10220;  TITLEX-IPX 

20240  ■ 

2024 1  •  Di mentions  '  '  '  ■  ' 

20242  • 

20260  REDIM  ABSO(20,16O) 

20270  NRV.-20;  NSECTV.3  10:  NTHETAV- 16*NSECTV. 

20280  ■ 

202R0  -For  i’/.»i  to  sod  ineaV.;  LL  (i  V.)  ■!  amPda  <  i ’•'.);  ne::t 

20400  erase  1 ampda 

20460 

20470  FOR  RRUN/.®RRUNr/.  TO  RRUN2’'. ;  WAVEL®LL  (  RRUNV. )  :  APCDEFF-AAPS  <  RRUN": 

20400  ■ 

204P0  FOR  Kt  7.*0  TO  20;  FOR  LL7.=0  TO  160 

20500  ABSO  0'K'/.,LL7.  )  ®0  ■  ;  NEXT  LL*/.;  VOL  ()  >'/.)  »0  '  ;  NEXT  >'.K7. 

20510  clfirolor  2,0 
20*:20  l.PRINT:  lPRINT 

20540  PRINT,"  Date;  ":DATEX;"  TinC;  "jTimPx 

20550  LPRINT"  Date;  ";DATEX;"  timEs  'tTIME'' 

20560  LPRINT;  LPRINT:  LPRINT  TITLEX;  lPRInT:  LPRINT;  LPRINT 

20370  LPRINT  "Diode  laser  wavelendth  :  ";i  lFRINT  USING  "####.  IF" ;  WAVEL: 

20580  lPRINT  "  nanometers";  lFRINT 

20590  LPRINT  "Absorption  coetFicient  :  ";;  LFRINT  USING  A&COEPP ; 

20600  i.RRINT  "  in-^erse  centimeters" 

20010  lFRINT  :  LPRINT;  LFPINI;  LFRINT 
20620  ■ 

20640  L»WAVELM00e' 

20650 

-OL'C)  PRINT:  tR'iNT 


CRADLE. BAS  Source  code  lietina 


20680 

COto'sO 

20’’00 

20710 

20720 

20730 

20740 

20750 

207tO 

20''70 

20790 

2O7O0 

20800 

20810 

20S2O 

2OS30 

20840 

20850 

20860 

20870 

20880 

208*90 

20900 

20910 

20920 

20930 

20940 

20950 

20960 

20970 

20980 

20990 

21000 

21010 

21020 

21030 

21C40 
21050 
1 1  060 
2 070 
21080 
21090 
21100 
21110 
;  s-r 
21120 
21130 
21140 
21 150 
:  i  1 60 
21170 
21180 
21190 
21200 
:  Sr 


LFRINI;  LFRINT;  lFRINT;  LFRINT 

'1'  Determine  entry  point  and  calculate  several  comdinations 
parameters  tnat  are  needed  ■For  later  calculations. 


FI»3.  14l5926535897e3.# 

HALF7.-NTHETA7./2:  DF-RF:0D/NR7.:  DTHETA-2  !  *PI  /NTHETA7. 
y  1»N  2:  K0=2-*-FI/L;  C1»K0*N; 

TXsTFF'*F1  180  '  ;  TY*TPF*F' I  /  1 80  ‘  :  >fB=.693.*L/  *  PI  •SIN  <  TV /2  ■  i  i 
Y&=.  69  3'*L/  (PI  •»SIN  <  T't  ,'2  '  '  )  :  <0=Nn-PI*X&  2/L;  Y0=N*F  1  ifrB  2/L 

81 1®C1-*  (1  '  -  (  1  '  /X0-1  '  /Y0)  .-  Cl  '  .5 

PLl-PO:  RL2»P1:  PL3.-RI:  RL4=RQ 

XCl  =VL+TP-RL1 ;  XC2-'(L  +  TC  +  T5+PL2:  XC3*XL-*-TC-RL3:  kCP-XL-cPLA 
xDD-XL-t-TP-t-XD 

RAD I NP»0 ' ;  LOSSES-0 ' ;  ABSORPT-0 ‘ 

FOR  Iir/.al  TO  100:  ALFA«.20'“<II1V.-.51».4)*PI/180' 
SAbSIN(ALFA) ;  CA-COS (ALFA) :  lNTEN-0' 

FOP  JJJV.*l  TO  10;  BETA-(.JJ.J7.-.5>  *2’*PI/180' 

SB»S1N(BETA) ;  C&-COS(BETA) 

CST»CA*CB:  F2-CST*CST;  SNT-SGR < 1 ‘ -F2 ) 

IF  SNT-0'  THEN  SNP«0':  C5P-1':  GOTO  20930 
SNP-SB/SNT:  CSP-SA*CB/SNT 

I1»(CST*CSP1  2fSNF-'-2;  :2*(11-SNT  2)  .5:  I  =»  (  I2i-&1 1 /t  0) 

I«I/ (I2+I1/CST) 

):X«K0*CSP*SNT;  )  Y»F  0*SNP*SNT:  PSI I  l-EXP(-.  25*(  (  X&*»  X  >  ( Y&*f 

I«CB*I*PSIll  LPRINT  USING  "w##.### 

INTEN-iNTENf  I:  NEXT  PADINP-RADINP+INTEN 

DELTA--ALFAJ  YlaYD:  XI=XDD:  '  PRINT  ALFA:  PRINT 


XC=XC1: 

RL-RLl : 

S^=‘ 

■1": 

GOSUB 

21080 

XC=XC2 ; 

RL»PL2: 

sr-' 

GOSUB 

21170 

XC* YCZ; 

PL*RL2: 

ST-' 

»  ^  I*  , 

GOSUB 

21080 

YC  =  <C4; 

R  L.  ®  R  L  4  : 

Sf  = 

■4"  ; 

GOSUB 

21170 

3=DELTA;  yiiyi 

GOTO  21270 


SND*SIN  (DELTA  .  ;  CSD*COS  (DELTA)  ;  X!=*XI-X^ 

F  1-x  i*CSD+YI*SND:  PlSC-Pl  »F  l :  P2»x  i*X  1-^y  I4vi-rl*RL 
P3=S(nP  (PlS(7-P2)  ;  F'*Pl-F3:  *  I  =*  I -CSD-*P  ;  Y  I -v  I -5ND'»P 

IF  v:.A/Z'  THEM  PRINT  "WARNING;  RAY  GOES  BEYOND  LENS  AFERT;jRE 

Xl»«I--xC;  THETAN-ATN  (Y  1  /  X  1  ;  MU=THETAN-CELTA:  SNH=51N<t1U) 
NtJ-SNn/S(?P  (  rNDEX-^INDEX-SNMt’SNM)  ;  NU-ATMtNU)  ;  DELTA»THETAN-NU 
RETURN 


SND=SIM ( OELTA , :  2SD=C OS ' DEL Th ■ :  xiExj-ir 
F  1  =  Y  1  ♦Cf  L'*-  I  ♦SnD:  P  1  SO=F  I  *F  1  :  F-2=  y  i  i  +  y  i  I-Rl*Ri. 

F3=Sr'F  ■  F  ]  sn-r  .  p-p-i+p-.  Y  I  =  /  I -rc[,*p  .  v  I  =Y  I -SN1)*P 

IP  I'l  A. 2'  then  FPIMT  "WAPNINC:  FAY  GOES  BE'.  OND  _LF  S  ArY.U.T'jFP 


■fvADLE.BAS 


Source  code  listing 


F  sqe 


212)0  Xl»XI-XC;  THETAN«ATtJ  I -VI  .' /  1  1  ;  MU=THET  AN+DELT  A ;  SNMBSIN(tlU) 

21220  SNM-SNM*  index  :  rviu=SNM.'£QF  (  1  ’ -=Mri*SNri)  :  NU»ATN(NU):  DELTA»NU-THETArj 
212T0  RETURN 
21240 
212S0  ■ 

212*0  • 

21270  NREF-NJACt  ET:  R*RJAC);ET;  GOSUB  21320 
21280  NREF-NWATER/NJAC)  ET:  R-RWATER;  GQSUB  21320 
21290  NREF-NHOD 'NWATER:  R=ARCiD:  GOSUB  21320 
21300  GOTO  21420 
2 1*3 1 0 

:i320  CSG»COS<G':  SNG*S1N(G) 

21330  DIST*AB'5  ■  ■^*SNG-v»CSG)  ;  IF  DIET  aP  GOTO  23100 

2;:40  Sl«>*CSG+V*SNC-':  SlSG‘«Sl*Sl:  S2*«*'<+y»Y!  i3=S0P  i  S  1  SG'-S2+p*R  i 

21350  S-S1-S3:  S0«S1-^S3 

21360  YI«Y-SN6*Sj  XI-X-CSG*Ss  THEI AN*ATN < Y I / X  I ' :  X*Xl!  Y-YI 
21370  mU«THETAN-G:  SNM-S In < MU < 

21380  NU»SNM/SPR  <NREF*NR£F-SNri*SNM>  :  NiJ«ATN(NU):  G-ThETAN-NU ;  RETURN 

2 1  390 

21400 

21410 

21420  CSG«CO£(G';  SNG'*S1N(G':  S 1  * x*.CSG+Y*SNG:  S1SD*S1*S1:  S2«R*R;  5*0' 

21430  ANGLE»Q*130' /FI ;  XQax-Y /TAN <G) :  PRINT  XO,Y, ANGLE;  PRINT 

21440  lprint  xo,y, angle 
21460  - 

21470  ’2)  Determine  entry  cell. 

21480 

21490  THETA«THETAN 

21500  r/.»NftV.:  J7.«lrINT  OHETA/DTHETA)  ;  IF  THETA  0  ■  THEN  J'/.-nTNETA'/.-t  J  V.- 1 
21510  SI0e*/.«3:  T4-J*/:*DThETA;  T2-T4-DTHETA;  Rl-R-DR:  R3-R 
21520  ' 

21530  '3)  Determine  n*^;t  cell. 

21540  • 

21550  IF  SIDE7.«1  THEN  GOSUB  21650 
21560  IF  SIDE*/." 2  THEN  GOSUB  22000 
21570  IF  SIDE*/.»3  THEN  GQSUB  22320 
21580  IF  SIDE*/.«4  THEN  GOSUB  22750 
21590  next  nr/,:  GOTO  23140 
21600  ■ 

2)610 

21620  'Determine  e”  1 1  •face  ana  energ',-  deposition  when  the  ray  enter®  the  ce 
21630  trough  ■face  1. 

21640  ■ 

21*50  SN2»SIN(T2);  CSD^COS  (TD)  :  taN2=TAN  '  T2 :  D=>SNG-TAN2*CSG:  £  =  2“  ■  ^ -TamI*  ■ 

21660  IF  SS2  S  GOTO  21710 

21670  XI-X-SS2-CSB:  v  i  .'t -£S2*5NG 

21680  SlGN-l':  IF  (■XI*CS2'  0  THEN  SIGN— 1' 

216R0  IF  ABSixr,  iE-09  THEN  IF  Crl^SMO'  0  THEN  3IGN*-l'  ELSE  SIGN-l' 

21700  RR:-3IGN*S0R  (Xl*xl  +  t'I*YI  '  :  n  RR  R3  THEN  IF  PR  R  l  GOTO  21850 

21710  SN4»SirjM4);  C54=C02  ‘  ;  T  AN4=TAN  (  T4  >  :  D=SNG-TAN4*CSGi  Sr4a  (  v-TAN4*y 

21720  IF  SS4  =  GOTO  21 "SO 

21730  >  I  =  f-SiA^cSG:  /  I  =  t -S2  a ♦•SNG 

21740  SIGN«l':  IF  ,xI»C34)  0  THEN  SIGN*-!' 

217^ti  IF  I  X  1  IL-Oe  fwprj  IF  .v;*5r.jxi>  p  THEN  S1GN=-1'  ELSE  5IGN=t' 

21*  60  RR»SIGN*S0I' ,  X  i*A  ■;  +  Y  I  /  I  ■  :  ;  PP  R3  i  HEN  IF  RP  h  i  GOTO  LIFO'-"! 
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Si?-*©  ■ 

21  ~e0  S2=S1  +SC'K'  (S1SC-32^PT*RT) 

2179©  ■ 

2ie©0  IN' SNl  »INTtN*E^F' <-A&COEPr-*  (S'-'-S  I  AESDRf-  =  I NTEN- I  NTEN 1 

21SI©  ABSQ  r/. ,  JV. )  »AE<SO  <  I*'.,  JV.i  -^rtb50KF•;  IMfEN^  INTENl 

21820  6=S3:  SIDEV.»1:  r/.=  r/.+  l;  P-T.=  r/.*DR;  R1»R~-DR 

2137.0  IF  ir.  NPV.  GOTO  27040  ELSE  GOTO  21950 

21840  • 

21850  INTENl^INTEN+E^'F  ‘-AE.'C0EFF*(S£2-£)  '  :  ABSORF*  INTEn- INTENl 
21860  ABSO' i:.,  JV.)  *AB‘sO(  T''..  J*:'*A&3nRF  ;  INTEN-lNTENl 
21870  S=SS2:  8  1DEV.-4!  IF  .1V.=  1  THEN  J’/.=NTHETAV.  ELSE  JV.aJV.-i 
21380  T4=.:v.*DTHE'' h:  T2»T4-DTh£TA:  GOTO  21950 
:  1 

21’ 00  INTENl  =1  NTEN*ErF  >-Afc:COEFF*  fSS4-S>  )  :  ABSOR'F*  ]  NTEN- INTENl 
21^10  AB8Q<  I  V.,  JV.)  saBSO  (  IV.,  JV.)  ♦ABSORF:  1NTEM=INTEN1 
21‘=‘20  S=5S4;  S1DE'/.»2:  IF  JV.«NrHETA/l  THEN  JV.»l  ELSE  JV.«J-/.+  l 

21^70  T4a.J-/.*DTHETA:  T2  =  T4-D THETA:  GOTO  21950 
2 1^40  ' 

21950  RETURN  21550 
21960 

21^70  Determine  e:;  1 1  •fAce  «nd  energy  deposition  when  the  rey  enters 
21980  through  Face  2. 

21990  ■ 

22000  SN4=SINfT4);  CS4aC05(T4>:  TAN4=TAN ( T4 ) ;  D»SNG-TAN4*CS6;  SS4*(V 

22010  IF  SS4  S  then  GOTO  22170 

22020  xl-)t-SS4*CSG:  YI-V-SS4*£N6 

22370  SIGN=l':  IF  ^xi*CS4>  0  THEM  SIGN--1' 

22040  IF  ABS<XI)  lE-00  THEN  IF  (YI*SN4i  0  THEN  SIGN«-1'  ELSE  SIGN»1' 
22050  RR»SIGN*SCR  (XI*XIrYI*Yl ) ;  IF  RR  -RT.  GOTO  221.70 
22060  IF  RR  Rl  GOTO  22190 
22070  ■ 

22080  INTEN1  =  INTEN*EXF  <-ABC0EFF«  <SS4-S>  >  :  AtiSORP-INTEN-INTENl 

22090  AB30  :  r-i.  JV,)  -aBSO  <  IV.,  JV.)  ♦ABSORF  s  1NTEN«InTEN1 

22100  S*S£4:  SIDEV.=2:  IF  JV.=nTHETAV.  THEN  JV.»1  ELSE  JV.a.JV.ri 

22110  T4a.J'/.rDTHETA;  T2-T4-DTHETA:  GOTO  22270 

:ii20 

22170  =7=£lrSC'R  'S15C'-52+R7.*R7.' 

22140  IMTENI  =  INTEN*E'<F'(-ABC0EFF^(S7-S)  >  :  AeSOR'R=INTEN-INTENl 

22150  ABSO;  'V.  ,  JV,  ;  *AbS0  f  I'/.,  JV.)  ♦AbSORF:  INTEN-INTENl 

22160  S-S7:  SIDEV.®!:  IV-r/.+  l;  R7.*IV.».DR;  R1*R7-DR 

i::’’©  IF  l\  NRV,  GOTO  27040  ELSE  GOTO  22270 

22130 

22)  ->0  SV-Sl-SQR'  'SlS0-£2-*-Rl  rRl  > 

_22Cli2  INT£K1  =  IITTEN*EXP  (-ABC0£FF-»iS7-5'  ):  ABSOR'F  =  1  NTEN- I NTEN  1 
I'l.'IlO  AESOm  J'/.',  -ABSO  <  IV,  JV'  ♦AB50RF-:  I  NTEN- I  NTE.N-ABSORF 
22220  S-S7;  IF  I'/.^l  GOTO  22240 

22270  SIDE-/,*::  Iv.-IV.-l:  R7-;V.*DR:  R1»R7-L'R:  GOTO  22270 
22240  SIDE-;*!:  IF  JV,“  HALPV.  THEN  J V.-JV.+hAuFV.  ELSE  J*.>J'/.-hALFV. 

22250  T4=JV.*dthETA:  T2» T4-DTHETA:  R7=r..*DR:  R1=R7.-DR:  GOTO  22270 
22260 

222~0  RETURN  21550 
22280 

Dete'"mine  e-  1 1  Face  ano  energs-  oepcsition  when  the  ra.  mte'"? 
22700  through  ^ace  2-. 


CP>;L'lE. 


Source  code  listing 


P  ?  c  e 


22320  EN1'=S1N  I  T2' :  CS2=CU£  <  T2  )  :  :  mn2='i  «N  •  T2)  ;  L'=’bM6-1  AN2*Ciilj:  552=  '  c - 1  Ari2»  < 

22330  IF  552  S  SOTO  223'’0 

22340  irl->-5S2*C5'G:  Yl=Y-BS2*SNe 

22'3“'0  £li5N=l';  IF  (:<I«CS2)  0  THEN  5IGN=-l' 

223eiC*  IF  lE-09  THEN  IF  (yi*SN2'  0  THEN  5IGN=-1'  ELSE  SIGN=1'' 

223^0  RK-SI6N*£nR , X I*X I+YI*y I ) ;  IF  RR  R3  GOTO  22640  ELSE  IF  RR.Rl  GOTO  2254C 
223B0 

223F0  SN4*>S1N  (T4)  :  CS4*C0S  ■  T4  )  ;  TAN4=T  AN  ( T4  )  ;  D-SNG-TAN4*CS6  J  SS4«  (  Y-TAN4*  x 

22400  IF  S54  S  GOTO  224e0 

22410  XI«*-SS4*CSG! Yl«y-SS4*SNb 

22*420  S:GN=1':  if  ^11I*CS4)  0  THEN  =IGN=-l' 

22430  IF  A&S'XIY  lE-Oe  THEN  IF  ('tI*5N4i  0  THEN  SIGN=-1'  ELSE  SIGN=1' 

22440  RR-SIGN*SOR  >' Y  I*>  I+YI*VI  )  :  IF  RR  R:  GOTO  22640  ELSE  IF  RR  R;  GOTQ  225=^0 
22450  ' 

224*0  S3-S1-SC'R  (SlS0-S2+Rl*Rl  > 

22470  INTEN1-INTEN*EXR  (-A&C0EFF*(S3-S:' >  :  ABSORF*  I NTEN- 1 NTEN 1 
22480  ABSO(  17..  JV.)-ABSO  (  r/.,  JV.) +ABSORR:  INTEN-INTENI 
224R0  S-S3;  IF  I7.»l  GOTO  22510 

22500  SIDE7.-3;  I".ar/.-li  R3=IV,*DR:  R1-R3-DR:  GOTO  22700 
22510  S1DE7.-1;  IF  J7.=  HAI.FV.  THEN  JV.=J7.*HALFV.  ELSE  J V.-J V.-hALFV, 

22520  T4»J7.*DTHETA!  T2=T4-DTHETA:  R3-I7.*DR:  R1-R3-DR:  GOTO  22700 
22530  ' 

22540  INTEN1»INTEN*EXR ‘ -ABCOERF*  f S32-S' ) :  ABSORR= INTEN- I NTENl 
22550  ABSO  1 1 7. ,  o  11 )  -ABSO  ( 1 7.  .27.)  ♦ABSOR R :  I  NTEN«  I NTEN 1 
225«/0  S-SS2!  SIDE7.-4S  IF  JV.-l  THEN  J*/.-nTHETA7.  ELSE  J7.-J7.-l 
22570  T4«..r..*L'THETH;  T2» r4-DTHETA:  GOTO  22700 
22580  ■ 

225*’0  INTEN1*INTEN*£XR  (-A&C0EFF*'SS4-5.  )•  ABSOKH*  INTEN- INTENl 

22600  AeS0(I7..J7.)»ABSQ(I7..J7,)-*.ABS0RR:  INTEN-INTENI 

22610  S-SS4!  SIDE7.-2S  IF  JV.«NTHETA7.  THEN  JV.-l  ELSE  J7.-J7.*! 

22620  T4-J7.*DTHETA:  T2-T4-0THGTA:  GOTO  22700 
22630  ■ 

22640  Sr-Sl-^SOR  (SlSG'-S2*R3«-R3  ■ 

22*50  lNTENl-INTEN»EXR(-p.BC0EFR*'S3-S)  )  ;  ABSORR=  I  NTEN  -  I NTENl 

22660  ABSO'!’;,  J7./«ABSQ(I7.  ,J7.-. +A&SORF:  INTEN-lNTENl 

22*70  S-S3:  SIDE7.— 1:  IV.*!’/^-*-!;  Rl-R'.-J  K3— Rl+DR 

22*80  IF  IV.  NRV  GOTO  23040 

22690  ■ 

22700  RETURN  21550 
22710  ■ 

22720  Determine  e;it  -face  and  energy  depositicn  when  tne  rav  enters  tne  cel 
22730  througn  Race  4. 

22740  • 

22750  SN2=SIN(T2':  CS2=CnS'T2>:  TAN2-TAN ■ T2 • ;  D-5NG-TAN2+CSG:  552=  - -TAr’I- ■ 

22760  IF  532  5  GOTO  22t3'’0 

22770  X  1»x-  =  £24C£Gj  '■  I  =  v-532*5NG 

22780  3IGN=1  '  ;  IF  (  XI*CS2)  0  THEM  SIGN=-1- 

227=‘0  IiY  AB£(XI)  1E-0B  then  IF  (vi*SN2)  0  THEN  SIGN-— 1'  ELSE  SIGN-l 
22800  RR-SIGN^SCP  (  X  I*X  I-kYI*vI  ;  IF  RR  :  R3  GOTO  22870  ELSE  IF  RR  R 1  GO^'J  22F~3 
22810  ' 

22820  INTENl  =  INTEN-*-EXP  f-ABCOEFF*  <  SSZ-S  '  >  ;  FB50RF  =  I  NTFN- i  nTEN  1 

22830  ABSOi  I*'. .  jv. )  -aDjO  ‘  I'; .  *-.&SORR:  If"  ten^INTEni 

22840  S»SS2:  3IDE-.=4;  IF  rHEN  ..t..=NTHETA7.  ELSE  J7.=J-'.-l 

32350  T4-..r.'. *DTHETm;  '.:=T4-D''hGTA;  GriTn  23010 

22360 


CRADLt. &h5 


Source  coae  iiatmo 


22370 

-22390 

223*50 

22900 

22910 

22920 

22930 

22940 

229S.0 

22960 

22970 

22980 

^2990 

23.000 
23010 
23020 
23030 
23040 
230S0 
23060 
23070 
23080 
23090 
23100 
23110 
23120 
23130 
23140 
23150 
23160 
23170 
23180 
23 1 90 
23200 
23210 
23220 
2323vl 
23240 
23250 
23260 
23270 
23280 
23190 
17300 
23.:.  10 
13320 
23330 
233-40 
13350 
23360 
23370 
13  3S0 
23390 
3  3400 


S3»Sl-SDR(SlSG-S2+fl:3*R3) 

lNTENl=INTEN*EXP(-A&C0eFF*iS3-5> ) :  A&SQRF- INTEM- INTEN I 
A&SQ  '  17. ,  3V. )  sAEiEO  <  I  V. ,  JV.  >  ♦At<SOR>':  I  NTEN=  I  NTEN  1 
5«S3:  SIDE7.=  1:  I7.-^/.•^l;  Rl-h3;  R3»M  f  DR 
IF  IINRM  GOTO  13040  ELSE  GOTO  23010 

£.3»S1-SGR'S1SC-S2+R1*R1  > 

INTENl«lNTEN-*EXP(-AeC0EFF*(S3-S>  >  :  A&SORP- INTEN- INTENl 
APSO  JV.)  ■A&£0(  IV.,  J7..^AbS0R'-:  i  NTEN=  I  IvlTEf  1 
S=S3:  IF  IV.=  i  GOTO  229P0 

SIDEV.=3;  r-.*r/.-l:  R3«IV.*-DR:  Rl»R3-DR:  GOTO  23010 
SIDE’'.=  l:  IF  JV>:  HALF7.  THEN  J 7.«.J7.^-HaLP7.  ELSE  J7.*J7.-HALF7. 
T4  =  .r.'.*DTHETA:  T1  =  T4-D1HETA:  R3=r'.*DP:  R1=R3-DR 

RETURN  21550 


PRINT;  PRINT  "Ray  " ;  ;  PRINT  USING  I  117.;  ;  PRINT  "  has  =  ■; 

LQSS£S*LOSSESf INTEN 
RETURN  21590 

PRINT  IV.,  JV.,SIDE'/.,  INTEN:  RRINT  T2  .  T4  ,  R 1  ,  R3 ,  S:  RETURN 

PRINT  "RAY  DOES  NOT  INTERSECT  THE  ROD":  STOP 
PRINT  "ERROR":  STOP 


FOP  H  V..1  TO  NRV.:  FOR  ULV.*-!  TO  HALFV. 

ABSO  ( Kl  i; .  LL V. )  -ABSQ  ( KKV. ,  LLV. )  ♦ABSO  ( KKV. .  NTHETAV.t-  1  -LLV. ) 
ABSO  < )  t  V. ,  NTHETA7.+ 1  -LLV. )  *ABSO  < I -KV. ,  LLV. ) 
riE^T  ;.LV.:  NEXT  KKV. 


DD»DR<DR*DTHETA/2'  :  FOR  I  KV.=  1  TO  NRV, 

VOL  f K 1  V.  1  =  (  2  '  ♦)-»  7,- 1  >  *DD*  1 0000  ' 

FOR  LLV.»1  TO  NSECTV.;  for  Mt17.=  l  TO  -- 

ABSO  < )  ^  7.  .LLV. )  =ABSO  >1  )  V.,LL7.)  ♦ABSO  •  1  )  %  .  LL7.  +  2*NSECTV.*rin7.  i 

NEXT  nnv.;  absorpt»absorpt+abso(m  v.,ll:.) 

ABSO0  t  V.,ll7.) -ABSO  0  )  7.  ,lL7.)  /VOLN  I'V.) 

NEXT  LL7.J  NEXT  KKV. 

PRINT:  PRINT:  LPRINT:  LPRINT 

90*-  RV,=  i  TO  NRV.;  for  07,=  !  TO  NSECTV 

PRINT  USING  ABSO  <  P7. ,  O", .  ; 

^.EPINT  USING  ARSO  <  PV .  C'V  : 

N£>T  n-/.;  next  P7. 


ABSFRAC=100' ♦ABSORPT/PADINF 
LOS5FRAi.>100  ‘  *L05SES/r.  ADIMP 


PP'rjT;  PPTNT:  LPKINTr  LPPINT 
FPIMT  "Ahsr.r-ned  »r,env  : 
LP'P'INT  "Absorbed  enerav  : 

PRINT  "Losses  .  : 

LOPIN'  "Losses  .  ; 


PRINT  USING  ABSP*^ 

:  LPRINT  USING  'e##.###  •.";Afc'; 

PRINT  USING  •'.";L'JS'rP 

;  LPF  INT  LlSIN'I- 


CRADLE.  Source  code  listing. 


Z3420  WAVEL’;  =  C  I  NT  '  WAVEL )  ;  AX=STRJ  <  WAVEL’'.)  :  &J=LEETt  i  A  f  ,  4  (  :  AJ’*R  I GH"' '  B-J" ,  T  ) 

23430  FILESi'»DKIV£.r+FATHr+TOTAEiJ+Af+“. 

23440  OPEN  FILES^  PGR  OUTPUT  AS  1 
23450 

23460  PRINT  tl,  WAVEL.ABCOEFF 

23470  FOP  P'/.^l  TO  NRV.s  FOR  QV.*1  TQ  NSECTV. 

23480  PRINT  #1.  AB5Q  < P7. ,  GV. '  ; 

23490  NEXT  Q*/.;  PRINT  #1,:  NEXT  P*/. 

23500  PRINT  41 ,ABSFPAC,L0S5PRAC 
2T510 

33520  CLOSE  “1 
23530 

23540  UPR'INT;  LPRINT;  LPRINT  "FIlE  NAME:  •'  FILES4:  LPRINT  CHP4(12' 

23550  ■ 

23560  *f«"”  then  23561  else  i+  *i'*rhrH27'  then  23561 

23561  NEXT  RRUNV.iqoto  23570 

23562  print  "Do  yOu  wish  to  stop  calculations  ot  spectral  absorption  permanertl 
^  •• 

23563  a*»inkey4 ;  1 aT=”"  then  23563  else  gosub  llOlOii'f  a#“"Y"  then  23564  else 
3561 

23564  message4*'*Calcula.tion  o'f  spectral  absorption  has  been  di  scont  i  nued"  :  goto 
20 

23570  message4="lalCLilation  O'^  Spectral  absorption  compl  ete" :  goto  220 
24000  'R*v  tracing  proorain  -for  the  calculation  o*  the  energy  deposition 
24010  'density  in  a  cylindrical  rod  when  pumped  by  eight  linear  arrays 
24020  laser  diodes  arranged  around  the  rod  in  a  svmnetrical 

24030  con^igur atidn. 

24040  ' 

24060  CLS 

24061  ti  tleJ'«"Cradle"  :  T/="Total  Absorpt  i on "  s  gosub  27000 

24062  GOSUB  16100s  IF  SFCLINeS7./2»INT  <SPCLINES7./2)  THEN  GOTO  27060 
24080 

24090  locate  I6,l:call  clreolsCOLOR  2,0s  «ttr7.»2:  PRINT  "Enter  Title  "  ;  s  MOD£V.=0:  F 
G7.*67j  GOSUB  10320s  TITlEF-IPT 

24110  REDIM  APSO(20,101  .  SUn(20,l0).  SUMM  ( 2 , 20 , 1 0  >  ,  F IRST  ( 20 , 10 )  ,  LAST.'2D,10> 

24130  'DIM  AES0RF<2),  L0SS<2j.  V0L<20/,  INTABSORF » 20 ) ,  ABSDENS(20' 

24150  ' 

24  160  NRV.»20;  N5ECTV.«10s  NTHETAV.- 1 6*NSECT7.:  HWHM-10' 

24170  SIGMA«:2  '  *SH5>SlGs  ?  IGMA=  i  '  /  S I  GOA 
24  180  PI=»3.  ]4l5P2653.5?P76-:.a 

24160  DR»«PROD''r'iR'/;s  DThETA»2  '  I  -  NTHETAV, 

24'_'t0  CLEAR  ALL  VARIABLES 

14270  FOR  P''."l  TO  NRV.s  FOR  0*'.al  TO  NSECTV. 

'AhSC'PV.  ,ov.)=0' :  3Un(R';.C'%>  “O'  :  SUhM  .  i  ,  p%  ,  CV  '  =0  '  ;  surir  i  2  .  r  v. .  cv.  ■  =0 
24290  FIRST  (PV  .?•:>  s0  '  ;  LAST  ( p-.l .  GV  >  *0  ■ 

24300  NEXT  QV.:  vCL  (PV, )  »a  '  s  I  N7  ABf.nRp  .  p'. )  *0  '  ;  wBSDENS  i  PL )  »0  '  :  NEXT  PL 
24310 

24320  'W»0':  ABSORF ( 1 ' =0 ' ;  ABSDRP ' 2 ' =0 ' s  LOSS ' 1 > =0 ' :  LGSS(2)a0' 

24330  INTABSORPTlrpN=0' 

24  "40 

24360  FPINT;  Ff  irgT;  lfRInt;  LFpirjT 

24370  PRINT"  Date:  "sDATEX;"  TlMEs  ";TIME^ 

;4.:.e0  lPRINT'  Date:  "sDATE^;"  TIME:  ";TIMEX 

24-90  PRINT:  CRIN"’ 

2^400  LPR'IfJ'  :  lPPINT;  lRRINT;  lpRINT  TITLEX:  uPPINT;  LFRINT:  lPR'mt 


CRhDLE. BAS 


Source  code  liatmq 


r44i(a  lFB'INT  "Cef’tsr  wavelength  .  :  lFRINT  USING  ‘‘t***#- 

AO;  lPRINT  "nononiieter  s" 

2442G  L='RINT  "Standard  deviation  .  :  lPRINT  USING 

LPR'INT  "nanometers" 

24470  HWHr<=  1  .  1  S^S  1 G :  LF'R  I N  r  "Hal'f  width  at  half  maximum  ..  :  ";s  LFR 

lFRINT  "nanometers" 

2^1440  LF-RINT;  LFRirn  :  URRINT 
24450  • 

1-4<S0 
24470  ■ 

I'-uee  DLAMBL'AaLAf-IBDAt  1  > -UAMBDAO:  DLSsDLAMBOArDLAMBDA 
244'90  WAVEL=L.AM&DA  .  1  / 

24500  ■ 

14510  WAVElV.sCINT  (WAVED  ;  Al=57R.r  ( WAVEL7.  >  ;  &X=UEFTx  (  AX  .  4  )  ;  AJ-=RIBKTX 
24520  F'FILESf-sDRI  VEX-t-F  ATH/-t-T0TAE<X+A4+"  .  "+EXT2.X 
24530  DREW  FFIlEST  FOR  INPUT  AS  1 
24540  ■ 

24550  INPUT  ei,  WAVEL ,  AE(COEFF 

24560  FOP  PV.al  TO  NR-/.:  POP  QV.*  I  TO  NSECTI; 

24570  input  41,  ABSO(PV.,OV.) 

24580  NEXT  OV.;  NEXT  PV. 

245F0  INPUT  41  ,AEiSFPAC,LOSSFRAC 
24600 

24610  CLOSE  41 
2462C  • 

24630  PRINT  "PROCESSING  DATA  FILE  4  " ;  :  PRINT  USING  "444";  1 
24640  ■ 

24650  WEI6HT«EXP  <-SlGMA*OLS>  ;  W-W-^WEIGHT 
24660  PRINT  WAVEL , OLANBDA . WE IGHT 
24670  • 

24680  FOR  FV.«i  TO  NRV.:  FOR  0'/.«l  TO  NSECT7. 

24690  FIRST  (PV. ,  C'/. )  «wE IGHT^ABSO  < P7. , 07.) 

24700  next  OX:  NEXT  P7. 

24710  ' 

24720  AFIRST=WEIGHT*A&SFRAC 
24730  LFIR5TaWEIGHT*LQSSFPAC 

24740 

24750  ILAST-/.s(5pclINES7.-1  '  '2 
24760  for  i:;=i  TO  ILAST7, 

24770 

24730  FOP  17.»:  TO  2:  IRUN7.*2*I7.- (  2-J7.> 

247«0 

24300  DLr-M3DA«LAMBDA  (  I  PUN", ) -lANBDAO:  DLS=DLAMBDA*DLAMEDA 
24k!  0  WAVEL  ='..Af<&DA  i  IRUir.'.  ■ 

24S20 

24630  WAVEl7.»CINT  <WAVELi  ;  AX-bSTPX  tWAVEL7.)  ;  Ix-lEPT  X  i  AX  .  4  ,  ;  A*-P;I5HTx 
24840  FPILESX-DRI  VFi+RATNX-f-TQTABX-Ar*"  ,  "*ExT3* 

24850  OPEN  rFiLEPX  =‘0P  INPUT  AS  1 
24360  ■ 

:aU70  INPUT  t- r  ,  WAVSl  ,  APCUEFt 

24330  FQP  R'  ='  TC  NP7.;  FQR  OV.al  TO  MSECT'; 

:np:jt  «i.  Af  vri'R". ,0*4 ) 

2AF0;*  NEVT  r.-,;;  nEX'^  PV. 
iKKiu  .''jri.iT  «  :  .  a6SPRf,r  ,  cOSEPkal 
1-1- 20 


IRADLE.&AS 


E 


:4‘?-c 

:ao40 

:4'?5? 

:496e 

:4‘’7o 

:4^eo 

:4<='<?ei 

:50ficj 

:3oi0 

15020! 


CLOSE  «»1 


PRINT  "PROCESSING  DATA  PILE  «  " ;  :  PRINT  USING  I RUNV. 


WEIGHTsEXR  < -5IGMA*DLS)  :  W=i*J+UlEI5HT 
PRINT  WAVEL,DLAnDDA, weight 


POR  R*4*l  TO  NR-;:  FOR  QV.=  1  TO  NSECTI: 

surr^  <  JL .  F  V. ,  OT.  >  -sunn  ( j  v. .  P".  ,  o-;  ♦  we  i  ght *-AtiSO  -■  fv. .  o*-:  i 

NEXT  o*;:  NEXT  PV. 


ABEQRP  t  .1’: )  aAB^SOPP  '  TV.  ',  +WE  1GHT*APSPRAC 
:«OSS  ^  J". '  =  LOSS  '■  T*'. '  ♦we !  GH7  ►lossprao 


D5OT0  next  JV;  next  IL 


:50(sO' 

:5OT0 
:50S0 
L'50P0 
15100 
:5i  10 
:51D3 


DLAM&DA-lAMBDA  (  SOC  1  i  ne5‘4'  -‘_At-.rDA0;  DL£*DLAnE<DA*DLAME<DA 
WAVEL*LAriBDA  ( spc  i  i  neeX ) 


WAVELy.=CINT 'WAVEL' :  AX=STP  J  (WAVEL*/.)  :  Bi-LEPTj  (AX  ,  A)  :  ax-p  I GHTr  ( BT  , ' 
FFILESX«DRIVEX-'-PATH.r+TOTA&x+AX+"  .  "♦EXTT.x 
OPEN  FPIlESX  for  input  AS  1 


;5i*o 
:z :  T3 
:5ia0 
:5i90 
:5200 
:5210 
:S220 
15250 
:5240 
25250 
:5.2d0 
r52T0 
25290 
25290 
25500 


input  Wl.  WAVEL , ABCOEPP 

POR  PV.al  TO  NRV.:'  FOR  0V.=  i  70  NSECTl; 

INPUT  «l.  ABSG'PV.  .OV.) 

NEXT  ov,:  NEXT  pv. 

INPUT  91  ,  ABS.FRAC  .LOSSFRAC 


25250  CLOSE  91  ' 


pr-iNT  "PPOCESSING  DATA  PILE  <»  " ;  :  pR’INT  USING  "9»*«"  ;  spn  i  n«=-'. 


WEIGHT»EXP  (-SIGMA*0LS'  :  w=w-*-wEIGht 
PRINT  WAVEL .DLAMBDA. weight 


POP  pv.si  TO  NPV. ;  FOR  nv=(  TO  mSECT’-; 
last  '  F'L  ,  O'. !  — wE  I  GhT ■♦AB30  '  P  '1 .  T'.'  ' 
next  O’-'.:  NEXT  P'-: 


AL  ARTsUJE  I  GHT*AR5FRAC 
LLASTawE : GHT*u05SFRAr 


:5T80 
'5590 
25.400 
15410 
15400 
j  -0 
:5-i4c 


wW5=5  '  ♦w 

rop  pv.=  i  TO  NP.:; ;  Fr.p-  -o  ►'fPCT" 

gi.iM  fP". .  n-;  i  =  ,  ^  ■  ♦cijoh  (  i  ,F’'.  ,  0".  >  '  *SUNri  ;  .  F". .  O'. '  -F  I  RRT  (F'Z. ,  0'/.  >  ♦LAS'  ■  p  . , 

NE>T  O'-'.:  NEXT  P'/. 


ARpnc-r -  1  r!N=  .  r  ■  *aRc;r.RP  (  i  i  ■  •ARPr.Rc  -■  o  -aric  +  j’T  ^  .'ww 
L'DS5FS=  ■  0  *1-05  ■  +A  ■  •  -i.'^IF5T-..:.aSTi  .  wW 


r-p  I  ;  c  c  ;  '  it 

-jp  ;  Nr,".:  prir  'O'.-: 


Kjcr--- 


CPADLE.  E  -'i'. 


?0''f"ce  cod'?  lirtinQ. 


FRIMT  USING  "nmn.nttn  •• :  sun  .  c*..  q-.  ,  ; 

1'J'4FP(  USIN'?  ••««».  !!««  '•;  SUN  1 : 

r;5CiPi  NE'''r  C‘-';  nS'^T  P  V. 

S55 10' 

2S5I0  FFINT:  FFIN'^:  LFFIN'F:  L=-NIrjT:  UFSlN''’:  LFPIMT 

2S5T0  FFINT  "Tnrai  ab  p  1 1  C'n  .  :  " ;  :  PFInt  USING  "l**#.l*«**_ 

2*540  LP'FirjT  "Tnr.^i  i»p  ecr  o  t :  pr  .  :  " :  •  UFFinv  USING  "#«#.  i»«# 

ON 

25550  FFINT  ’Tni-ai  Icsse^  .  :  "iiPFINT  USING  _• 

25560  lFFINT  "Total  losses  .  :  " ;  ;  LFFINT  USING 

255T0  ■ 

25500  FC’LrcfcpKIUEf*F4TWf+"AFS.O.  ""■EVTT'-  -F  ILESF="<i:  AE<2C.  PFt'" 

255F0  ClP'Sf':  FP’ILEST  FOP  OU'TFuT  AS  1 
25600  ■ 

25610  FFTNT  FI.w.FFOD 

25620  FQF  FV.=  i  to  nRV.;  pof  (->•'.=  i  Tn  nSSOTV. 

25e.T0  PFiuT  tti  ,  SUM'F*.;,0*/.i  ; 

25640  NEKT  0*'.:  FFINT  F),;  NETT  Fl, 

25650  FFINT  #: .ABSOFFTIGN, losses 
25*60  • 

2567?  CLOSE  SI 
25600  • 

25*Fp  LFFINT;  LFFINT:  lFFINT:  LFFIN-^  "FILE  NAME;  "  FFlLESf:  LFFir-jT 
25700  • 

25710 

25720  FFINT:  FFINT:  LFFINT;  LFFINT 

25730  FFINT"  Date:  "tDATE^:’  Tir-E:  ":TIMET 

25740  LFFINT"  Date:  ";DATEf:"  TIME:  ";TIMEJ 

25750  FFINT:  FFINT 

25760  LFFINT  :  LFFINT:  LFFINI:  LFFIkjt  TITlE^:  LFFInT:  LFFINT.  lPFI^ 

25770  LFFINT  •'Cente'-  wavelenqtM  .  :  LFFINT  USING  "FF 

40: ;  LFFINT  "nanometer s " 

25700  LFFINT  "Standard  deviation  .  :  LFFINT  USING  "»»> 

LPFINT  "nanometers  " 

25790  LPF'INT  "iHait  widtn  at  nal»  ma;:im'jn>  ..  :  LFFINT  USING  "sn 

;  LFFINT  "nanometers  ' 

25900  LPFj.jt  Oiameter  .  ;  lF'RIMT  USING  "st 

;  LF'FI^JT  "rent  1  mote’*  =  " 

25010  LFFIN'!';  LFFINT:  lfp'INT 
25020  • 

25930  ■ 

25040  • 

'  5050  DD=DF-»’DF-r'THETA/2  ' 

25860  FOF-  F*'.=  ;  TO  Ml-  "'. ;  VOL  '  '  2  '  "-p  0000  ' 

25870  FOP  C'*'.=  l  '0  NSSOT*; 

25880  abGDENS  ■  P  >  =ABODENG  .  p".  •  -•  SL'n  OL  '■ 

25890  MEvT  n-.;  iMTiiaPcnpp- (P*. , -J^J^^E.c,r■p•FTIO^^•*■'.'■OL  fF-.;  ♦ABSOENS  <FV.-, 

25900  ;mTABSOFP  T  (  TiNi.- 1  Nl  ABSOFF- 'P  *'.'  ;  ABSDENS  ' ‘="' >  sABSDEf'IS  '  F2 )  /rJSECT’'. 
25F10  ’'(2  >  '  P  L 
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DIPL . Line  where  dir  -frame  starts 

DP. . Contains  current  r-ow  pointer 

DC . Contains  current  col  pointer 

AP ..........  F' o  i  n  t  e**  /  M a ;  -files  ♦  oun a 

L . For  loop  tc  load  8  chars  Oir 

modo . 'mode  o-f  GET  r-sutihe  use 

archi  vox.  ...  returns  -file  name  or  'NULL'  +or 

drot . cur'-ent  rotat'.m  s-f  proqXtdrot- 

dir:: . row  ccordinate 

di  ry . col  coordinate 

drot.new,...ne':t  crot  ~0  7e 

al . dumirv  variable 

o-f-fset . offset 

filecoX . f  •.  1  e  tvoe  i.e.  Spectrum 

must  soecif  ,  0"rooper  to  "Loading 
De-fore  cal  lino  ‘■his  routine 


no  choice 


■nr  "  S a  V  1  n c  ' 


E'EF  =EG=O:P0t£  •H4i-.PEPf  'friP; 
DEF  5EGe0:Fni£  ^  _  v  jrg,  ■  ..na  ■ 

DEF  JEt«0:F  nts:  .‘.h-.- i  ‘  h4  ; 
f  i  1  d^oX^Dur p.-^se  r-'  ■'  ■  -  t  ;  i  -doY-k  ■■  ■ 


H  “E*  ^ 

■’  MML'  72  7 
:  ;  DF'"  SEG 
;  I  es  ■' 


set  c  aps 1 oc  I  pr 
SET  CijfSOR  keys  on 
CLEwK  the  t EN  FOAPC 


T  j  . 


'  fs' » a  ^  p  \  \  K'  mr  ^ 


GOS'.'I-  ::590::f  EuITAlt".  C  then  SCPNAC! 


1  ■.  r  H  t  •!■  ■»  .  't  I  T  J -»cnr  /  I  0  i  :  "7'.-  ■■.*1 

-  1  _  ;  t  .  ^  :  -T  t;,  a,-! :  f>  7  L’  .  =  C 


1  .  e? 


CRADLE. BAS 


code  listmq. 


501'iO  CAH-  PINDf- iR-5TF  ■  DIPf  ..^TTRV.  ,EPCD".  ' 

IP  E=CD*'.--i  and  P-URF'OCEi  -  "Sav:  nq  ■■  t^e^  -o*  i  l  esr='‘No  ctner  3ele 
aol  a  ' :  not  1 1  e3*'.=  l :  1 1  nV.-l :  goto  50AdC 

C'0Cto  IT  ercdv.  and  purpo5;ei'='‘Loa.di  ng"  then  error  5T 
502'0  DELr-"  .  "  :  A’'.=0:  FCF  ARV,  =i  TC 
50280  call  GETNAHEP  (P-RCiGT -'ARV.)  ,FlENV.': 

50290  P'ROGr  'ARV.  ■  aLEPTX  'P  ROGX  (AR*/.>  ,FLEN’4)  t-DELX 

50291  prnf-.  then  LF'RINI  "File  Name  :  "  ;  progX  '  ar  V.  /  ;  "  Number  : :  ar 
50298  AV.sINSTF  (PROGX  f  ARV.)  ,DELX' 

5029P  PRD6X  (AFV.)  «lEFTX  '  FROG  J  <  AR/l)  .  AT'.-l  > 

50300  ERCD2*0 

50310  call  p  I  none  X  TP  ;  ercdv.) 

50320  IF  ERCD';  THEM  50300 
50330  NEXT  ARL 
50320  width  so 

50390  CLSiCOLOR  7,0:  scrnact*'.a3:goEub  1  11 1  0:  D  IRX=LEFTr  ( DI RX  ,  LEN  '  D I  Rx  • 

50391  b’/.*0:  c‘'.=0!  d'/.^O:  cal  1  drvspa.CB(drivex  ,b7.,c‘/.,C/'.);treex=‘'C"tstrX(  c 
>  cv. )  ♦can<3  ^ dV. '  )  ♦  "  Bvtes  Free  3" 

50392  nAJV.=0;  MIN-/>0:  CALL  6ETD0SV  (MAJ','..MIN7.)  :  DOSX-STRX  (MAJ7.) .  "t-STRX 

50393  CHX-CHRX  (32)  :  LN7.»0:ChLL  STR  I  R  <  DOS  X  ,  CHX  .  LNV.  )  ;  D0SX=  "  C  DOf  Versic 
£X  ,  LN7. )  *  •■  r  • 

-0400  - - - - 

50410  'I  Draw  Directory  6o;-  ! 


50420  I - ' 

50430  FINV.-int  (ARV./S)  :  IF  ar7.  mod  8  0  then  f  i n7.-f  i n7.-*- 1 

50431  1  print  "Fin  =  ";Fin7. 

50432  !♦  FinV.-o  then  FinV.si'iF  prntV.  then  Iprint  "Pm  (atter  0  ch-c' 

50440  colOR  7 , 0: CLS:  attrV.-i 4;  b7.=»DIRL7.;  a7.=»l :  aX-"  :  gesub  ^.r- "  <  "  : 

9P96 


50441 

50450 

50460 

50470 

50471 

50472 
50480 
5040(3 
GOTO  ' 
50500 
50510 
50520 
50530 
50540 
50550 
j05cO 


attr7.=79 .  aX*5paceX  ( 78 '  :  a7.a2:  gosub  9996 
FOR  L7.-1  TO  FIN7.;  ATTR7.-14 

B7.-DIRL7.+L7.:  AV.*1 :  AX-"  I  "  tSTRINGX  (  78 , 32 )  ♦"  I  “  ;  GOSUB  9096:  NE>' 
B7.«DIRw’/.-tFIN7.+  i :  AX-"  b"-*-STRINGX  .'79,205'  " 

bx*"!:  "♦strx  (ar7. )  ♦'•  rile(S/  ]  "  :  mi  dx  ( ax  ,  3 , 1  en  '  bx  )  '  *bX 
mi dX ( a X ,  ‘ 70-1 @n ( F reex » )  , 1 en ( ♦ ree x>)=rreeX:go9uD  999* 

AX  =  FILD0X:G0SU&  1  1000;  f-.- 1  :  GOSUB  99=.  t, 


I  P  no-t  1  1  m 

;e5so 

1 7.-0 :  FOR  D’*."4 
FOR  DC 7, -2  TO 

IF  RROGXdV,) 
ATTR7.-7;  AX=" 
NE'T  :3‘. 

NfVT  DP'; 


THEN  ATTRLsV:  IN7.  tDI  Rl7.  :  AX»no^  i  Ie5X:G0SUD  1  1000 


‘DIRL'l+l  TO 
95  STEP  9 

•  space X  (12:- 
'•*prog.v  < 


DIRL7.+FINV, 

' Di »D 1 av 
■  Go  tip 
them  50570 

'  :  GOS'JF  9='c  i 


♦rpm  screen  row  tc 
file  names  in  7  coi'.'mns 
ne-'t  row  in  Array 

ELSE  BV.-ORV.:  A‘'.  =  DC7. 

Stop  wnen  Mrrav  is  emc 


50570 

50580  - -  - - , 

50590  I  Set-'.  -  'Control  routine  I 

-.0600  - - - - - — - — - - — ' 

50610  ATTF-'.  =  7:  Ei''»2:  A7.-1  ;  AX-STR  IMGI  (80, 19  s  ■  ;  E'X»''Fj  ler  Version 
inx  /  .  1  -n  ■  pr  '  .  =t  X;  GOE'JI  99"^ 

50620  B‘.--DIRL';  2:  A-.=  i  :  ATTn-'.=  i  j;  .:ii=  ■  t'  -'  E^R  (  uC-T  7- .  ;c5  >  >  "  h  "  :  bx  =  "  :  D;  -s 
I  r  X  *  "  3  ’■ 

50'i  2 1  m  1  d  I  ■  ax  .  3 . 1  on  ■  p  x  .  ■  rf' x ;  .-m  px  : J  ,  ~ 9  - 1  e'^  I  oos X  '  .  1  en  .  dr=.  r  '  =  er  a J  :  ■ 

506:0  B-.^DIR..':  -  ;  :  «•,.=  i  ;  ax  =  ''  i  •  t-ptp  :nGX  <  ~r^ .  7~'  *  "  ]  "  :  G'OSUB  9  9-5^ 


CP.AC'LE .  Si'Ai  Source  cede  listing. 


S1C70  DROT.  NEW‘;  =  DR0TV.-1 

Si  0(50-1  IF  DFGT.MEWV.  1  THEN  DFQT .  rjEW-'.-MR?. 

6CSUS  S 1 1  ■’0:  RETURN  goeud  clr  old  drot  1-  new 

^  1 30  , - - 

51110  I  Scroll  Drat  right  1 

-1120  •  - - 1 

51121  IF  NOFIlESV.  then  RETURN 

51170  IF  DROTV.=0  THEN  DROTV.a  1  ;  DROT  .  NEWV.=  i  ;  GOCUB  5l500:eOTO  50970 
51143  DROT  .  NEW. -DPaTi;-*.  i 

51150  IF  DROT.  new/.  ARll  THEN  DR0T.NEW/.=  1 

51130  GQSUE  5ll70:RETURN  gosuD  clr  old  Grot  merv  new 

-.11-3  , - - 

51130  i  Clear  old  Grot  ana  mar*  hew  grot  1 

5 1  1 R0  - - - 

5  1  200  A7TRV.  =  ?  •  gosub  S' 1  2  1 0  :  DR0T*4=DRQT  .  NEW..;  ATTR‘..=  I  1 S :  QOSuD  51210:ret 
51210  v''.=  int  ^DROTV./S)  ;  IF  DROT*.;  mod  S  C  then  yV.»yy.+  l 
51220  DIR'C'.=DIRLV.-.-yV. 

51270  i:".-!  nt  '  DROTV.  mod  e):i-f  DROT/.  mod  8*0  then 
51240  dirvV.=  ;V.*<?-*j 

51250  &'/.=d  1  r ” I. :  A*4=a  1  r y '4 ;  AX=Dr og.f  iDF:0T'4>  :  GOSUB  999t 
51290  RETURN 

51700  ■  , - 

51710  1  Hanlde  return  ' 

51720  ■  I - 1 

51770  IF  DROTV.=0  THEN  ARCH  I  VOf  sF  I L£l :  COSUc  51540;  RETURN 

51740  IF  FURR0SET="Savi  ng"  THE-.  51741  ELSE  51750 

51741  T 1  WARr:  I NG  -  File  on  disi  will  be  repl  aced"  :  T2T=‘'Save  data 

ogT  (DROTV.'.  -  ■  .  •  T7J*"  "  ;  where»«'‘to'’ :  GOTO  51760 

51750  Tl*«"WARNING  -  Loading  a  -^ile  will  replace  ;  T2X*’‘current  mem 
7^«"Load  parameters  -^rom  4ile  "♦F'ROGa  <DR0T/C>  .  "^-EXTi-*"*'" ,  wherefs"  ^ 
51760  ATTRV.«47j  WWIDTHV.»41  tWHEIGHTV.s-;  ■X'/.»19;  YV.*9;GQSUB  7l000iTf<»-  "  f 
whereT*'  disl  GOSUB  72S50 
51770  /V.=  i!Y*/,i.  rr.TlT;  GOSUB  72750 

5177;  T jsT'jr;  v,.  =  2!  5Q5U&  72750:  TJ*T7T;  yv.  =  7:  GOSUB  T-Z^SO 
51772  GOSUB  11040; IF  at=""  THEN  51772  ELSE  GOSUB  71270 
51777  IF  Ar="v  THEN  HRCHr/OJaFRQej  (DRDT-.)  ;  GOSUB  51540:R£TURN 
51774  GOTO  507-:,0 

51750  - - 

51740  Handle  Esc'  i 

51400  '  - - - - 1 

51410  IF  DROrV.»0  THEN  ARCH  I  VOX*  "NULL GOSUB  51540iRETURN 
51420  L'RQT.  NEW4=0;  GOSUB  51  1  70;  pv.^t) I rl '4- i  ;aV.»2;  aX*SD«ceX  i7S>  :  atf'/.=  l 
AX  =  "Fres=  Esc  to  e:  1  t  without  ■' *F-URRQ5EX ;  gosub  11000;  gosub  '’spj,-- 
t  5  1570:  CFnT'/.sO;  got  0  ZP-ZO 

ri47D  - 

514*13  '  I  Create  a  new  tile 

51450  •  I - - 

51460  temox-ax:  IF  DFOTV..»0  THEN  attr'/.t.7.  gosud  5  1 5'’0 :  DRCTv.- i 

DFOT  .  NEW430:  Gocyp,  i  70 ;  DRCT’lsO :  uDCATE  DIRL'.tFlN%-7. 19;  1  DX=te 

I  GV.=3:  COLOR  7  .  o ;  ,3 1 1  f  v.*-' ;  nnsut  lOCrOiIF  nODOV.  THEN  51480  ELSE  514Q0 
51480  LOCAtr  D1  F:L*.-f  :  NV,+  7  .  1  d;  PRINT  so  ace  i  '  8  >  ;  :  wJ*  I  NX  :  I  p  AX«CHRxr2“- 
51420  CLSE  GOtC  50''7  1 

^  *  lop  hRCm I '.'OX »  I  P f  ;  c r  I  L  u o c a s e  ' -;*r  c h  1  vox  *  ;  i  t  vC'X3''r)ij;_;_  ■  tne~  e- 

GreUB  5 1540; c^THRu 


Cf'^DLi.  BhS  i-C'.ir"ce  coae  li  =  tjno. 


P'SOS 


rOc4C3  ATTR"',=  1  5 ;  Mi  =  "  Us  e  Cu'^ser  t  eve  "  i-CHR  J  <  24  i  "  ♦CHRi  (  25  i  ■*•  "  "*ChFj;27 
■  2s''*"  Home  '  Ena  to  comt  to  the  aesireO  f  i  1  e .  :  gosuO  1 1OC0  2: 'j'OSuFr 

5064  1  ATTR*.'.=  i  5:  Ai:^"Fress  the  ENTER  ^  ev  to  sellect  the  hiahlightecl  -file. 
1000:  GOSU&  •^'506 

5C''s42  ATTRV.=  i5. :  AJ="On  just  type  in  e  new  -file  nome  and  press  the  ENTER 
UP  1  1000:  E<T.=5;  GOSU& 

50650  E:V..-.DIP:LV.:  AV.S2;  ATTFV.-7B:  4i='  Drive  — »  ”  *DR  I  VEX  ;  GOSUE<  99S6 

50631  B‘'>DIPLV.i  AV.-16!  A*="  Ext.  — »  .  "  *£XTX:  GQSUB  99‘96 

50652  &v>DIRL''.:  AV.-.7-.;  AX»'‘  Path  — '• +  F  ATHX :  GDEUB  99‘='6 

50660  e‘'.*ipipL''.+i='INV.+~;  AV.  =  4:  AX  =  "F)  le  Name  — )>‘';GOSUB  9P9t 

EOscl  &v.  =  0!RL*4-(-f  INV.+-:  A'!;=40;  AX="Oe+aul  t  Selection  — »"';GOSUt  96ou 

50670  DPQTV.=  i  :  SCRNACTV.s":  GOSUP  11110:  GOTO  51420 

5,0.9C'  - - 


5O''0C 
50"’ 10 

50720 
50770 

50721 
50790 
50800 
50810 

50820 

5082 1 

50822 

50825 

50826 

50827 

50828 
50820 
5OS40 
50041 
50850 
50060 
50870 
50880 
50381 
50800 
50900 
509  10 

50920 
50920 
50940 
509  ECi 

50=';  0 

50=6  1 
50°7e 
50980 
50990 

7.-0 


'  1  Process  1 nput 


SCRNACTV.  =  2  :  GOSUP  11110:  DPOT7.-0 
AX-lNl.EYX:  IF  Ax=""  THEN  50720 


i*  lenfaX'*2  then  BX»r 1 ght x ( aX ,  1 )  else  bX-“":goto  50827 


IF  bX-CHFX<72)  then 
IF  bX-ChFX(a0)  THEN 
IF  bX=CHFX(75i  THEN 
IF  bX-CHPX(77t  THEN 
IP  bX-CHK'X!7l)  THEN 
IF  bX»CHFX<79)  THEN 
IF  bX-CHPX(2l)  THEN 


GOSUB  50860: GOTO  50720 

GOSUB  50940; GOTO  50720 

60SUB  5 1020: GOTO  50720 

GOSUB  51 100: GOTO  50720 

DP0T.nEW7.=  i  : GOSUB  51170:  GOTO  50720 

DPOT.NewV.=APV.iGOSUB  5ll70:60T0  S07-; 

GOTO  50400 


goto  50720 

IF  AX-CHFX(12>  then  51200  ELSE  ARCHI V0X-FF06X  (  DPOT:!"' 

IF  AX«CHFX(27'  THEN  51280  "ELSE  ARCHIVOX--FIUEX 

FOP  I7.-65  TO  90;  IF  AX-CHRX(17.)  THEN  GOTO  51420  ELSE  NEXT 
FOR  r/,«97  TO  122:  IF  AX-CHRX  <  17.)  THEN  GOTO  51420  ELSE  NEXT 
FOR  r/.-48  TO  57:  IF  AX-CHRX  ;  I ’/D  THEN  GOTO  51420  ELSE  NEXT 
GOTO  50720 


' I  Scrol 1  Drot  up  ! 

'  ‘  ' 

IF  N0FILES7.  THEN  RETURN 

IF  DR0T7.=e  then  DROT7.=  1:DROT.NEW7.-1:  GOSUB  5 1500:  GOTO  5092e 
DROT .  NEWV.-DPOTV.-e 

IF  DROT.NEWV.  1  THEN  DROT.NEW'/lsDPGT"".;*  '  (FINV.- 1  ■/ *8)  ELSE  50920 
IF  DROT.NEWV.  aRV  Then  DROT.  NEW7.»DR0T  .  NEWV-e 
GOSUB  51170:RETURn  gpsuP  clr  old  DROT*'.  5  mar  ‘  new 


I  Scrol 1  Drot  down 


1 9  nofilesv  then  FETURN 

IF  DROTV=0  then  DR0T7.=  i  ;  DROT.NEWV.- 1:  GOSUB  5l500;6OTO  50920 
DROT .  NEWV.-DRQTV.t-e 

IF  DROT.NEWV.  ARV  then  DROT .  NEWV.-DROT  V  mod  8;  IF  DROT.NEWV-O  Tnei, 


51020  GOSUB  5 1 1  70 :  RE  1  ijrn  qosub  tlr  ol'd  orot  '■  marl  new 

31020  ■  - - - - 

51040  Scroll  Drot  ; e+ t 

5 1 050  - - - - - 

51051  :=  n2=1_SSV  then  “ETl"  ^ 

51060  Ir  DRC".=0  ThE'-j  l  F  GT'.=  1  :  DF  3V  .  nEW'.=  1  :  GO'.UE  51500:G'2'j  tC'9Tv 


I  e  •  . 


r;r,- 


rfi  H 


CPV^DLE.&AS  Source  code  iistinq 


F?Qe 


Sl5li3  ■  I  Chanae  escape  status  ! 

^.lEZO  ■  I - ^ - 1 

51570  b'.=D  I RL’/.- 1 ;  a"'.=2:  at  trV.- 1 2 ;  a-f  =  =pace-f  f  7Q  I  ;  aosub  A.t='‘ Press  >-■  =  •-  ko 

n  to  default  sel  ecti  on"  :  qosub  il00O:QOSuD  attr  v.s?:  gosub  51570:  PKIUhN 

SlS-^O  - - ^ - , 

51541  I  GET  CORRECT  SCREEN  TO  RETURN  TO  I 

51542  •  ' - 1 

51550  IF  EDITACTV.;0  THEM  SCRNACT7.-4  ELSE  £CRNACTV.=  1 

51560  GQSue  11110;KETURM 

5’5'’0  ■  r - - 

51571  I  resets  default  tile  to  color  attr'/.  I 

5l5'’2  '  I - 1 

SlCeC  DV,=-DIRL->FIMV.f7;  5,-,'.=67:  aT=F  ILE4;  qosub  9996;  RETURN 


^<5  tur“ 


Appendix  B 


Floppy  Disk  of  CRADLE  Code 

This  appendix  contains  the  floppy  disk  and  user  instructions 
of  the  CRADLE  code. 

CRADLE  is  a  menu  driven  code  with  editing  capability  for  the 
calculation  of  pump  flux  distribution  and  absorption 
efficiency  of  a  linear  laser  diode  array  pumped  solid  state 
laser . 

CRADLE  (Computation  of  Rod  Absorption  of  Diode  Laser  Radiation) 
is  a  computer  code  written  in  the  IBM  PC  advance  BASIC  language. 
To  use  this  program  it  is  necessary  to  have  at  least  the 
following  system: 

-  An  IBM  PC,  PC  XT,  PC  AT,  or  compatible  that  runs  IBM  BASIC 
Compiler. 

-  An  8087  math  coprocessor  chip  installed  in  the  motherboard. 

-  Two  floppy  disk  drives,  or  one  hard  disk  and  one  floppy  disk 
drive.  IF  the  system  has  a  large  memory,  and  software  for  an 
electronic  disk,  it  may  also  be  useful  to  use  the  electronic 
disk.  If  the  user  decides  for  this  configuration,  the 
configuration  file  and  the  batch  file  provide  in  the  diskette 
named  CRADLE  will  have  to  be  modified  to  include  the  appropriate 
commands . 

-  Enough  free  disk  storage  space  to  accommodate  a  few 
intermediate  files  created  by  the  software  (about  one  kilobyte) . 

-  A  color/graphics  adapter  installed  in  the  system, 

-  A  color  monitor. 

-  PC-DOS  2.00,  2.10,  or  3.00 

-  The  IBM  BASIC  Compiler,  version  2.00  (not  the  Microsoft  BASIC 
Compiler  nor  MicroWay's  87BASIC  Compiler). 

-  The  MicroWay's  87BASIC  Compiler,  version  4.02  or  later. 


B1 


Two  diskettes  are  attached  to  this  report.  One  named  CRA; 
contains  executable  CRADLE  files,  a  batch  file,  a  configu: 
file,  and  a  binary  file  for  the  screen  presentation  of  a 
figure  containing  the  definition  of  several  parameters, 
other,  named  YSG.TAD,  contains  a  parameter  file  and  a  spe^ 

file  for  easy  start-up.  The  batch  file  has  been  configur 

/ 

for  a  system  with  two  floppy  disk  drives.  To  use  CRADLE, 
the  user  will  have  to  setup  its  own  CRADLE  diskette.  Thi 
should  include  at  least  the  files  contained  in  the  disket 
named  CRADLE  as  delivered  plus  COMMAND.  COM,  BASRUN.EXE, 
and  87BRUN.EXE.  The  diskette  CRADLE  should  be  installed 
in  drive  A,  and  the  diskette  TAG. TAD  in  drive  B.  To  run 
CRADLE  simply  enter  CDL  from  DOS. 


B2 


